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Abstract 21 
Floral chemistry mediates plant interactions with pollinators, pathogens, and herbivores, 22 
with major consequences for fitness of both plants and flower visitors.  The outcome of such 23 
interactions often depends on compound dose and chemical context. However, chemical 24 
diversity and intraspecific variation of nectar and pollen secondary chemistry are known for very 25 
few species, precluding general statements about their composition. We analyzed methanol 26 
extracts of flowers, nectar, and pollen from 31 cultivated and wild plant species, including 27 
multiple sites and cultivars, by liquid chromatography-mass spectrometry. To depict the 28 
chemical niche of each tissue type, we analyzed differences in nectar and pollen chemical 29 
richness, absolute and proportional concentrations, and intraspecific variability. We hypothesized 30 
that pollen would have higher concentrations and more compounds than nectar, consistent with 31 
Optimal Defense Theory and pollen’s importance as a male gamete. To investigate chemical 32 
correlations across and within tissues, which could reflect physiological constraints, we 33 
quantified chemical overlap between conspecific nectar and pollen, and phenotypic integration of 34 
individual compounds within tissue types.     35 
Nectar and pollen were chemically differentiated both across and within species. Of 102 36 
compounds identified, most occurred in only one species. Machine-learning algorithms assigned 37 
samples to the correct species and tissue type with 98.6% accuracy. Consistent with our 38 
hypothesis, pollen had 23.8- to 235-fold higher secondary chemical concentrations and 63% 39 
higher chemical richness than nectar. The most common secondary compound classes were 40 
flavonoids, alkaloids, terpenoids, and phenolics (primarily phenylpropanoids including 41 
chlorogenic acid). The most common specific compound types were quercetin and kaempferol 42 
glycosides, known to mediate biotic and abiotic effects. Pollens were distinguished from nectar 43 
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by high concentrations of hydroxycinnamoyl-spermidine conjugates, which affect plant 44 
development, abiotic stress tolerance, and herbivore resistance.  45 
Although chemistry was qualitatively consistent within species and tissue types, 46 
concentrations varied across cultivars and sites, which could influence pollination, herbivory, 47 
and disease in wild and agricultural plants. Analyses of multivariate trait space showed greater 48 
overlap across sites and cultivars in nectar than pollen chemistry; this overlap reflected greater 49 
within-site and within-cultivar variability of nectar. Our analyses suggest different ecological 50 
roles of nectar and pollen mediated by chemical concentration, composition, and variability. 51 
 52 
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 57 
Introduction 58 
Floral reward chemistry is central to ecology, mediating interactions with pollinators, 59 
flower-visiting antagonists, and microbes (Strauss and Whittall 2006, Irwin et al. 2010, Huang et 60 
al. 2012, McArt et al. 2014, Good et al. 2014) that influence plant reproductive success. 61 
Alkaloids, phenolics, terpenoids, and proteins have been found in nectar (Baker 1977, Adler 62 
2000, Nicolson and Thornburg 2007, Heil 2011, Stevenson et al. 2017). Numerous secondary 63 
metabolites, including phenolic compounds (De-Melo and Almeida-Muradian 2017), alkaloids 64 
(Wink 1993, Dübecke et al. 2011), and terpenoids (Flamini et al. 2003) occur in pollen. Nectar 65 
chemicals can deter nectar robbers (Barlow et al. 2017), preserve nectar from spoilage (Herrera 66 
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et al. 2010), or act as floral filters that conserve food rewards for effective pollinators (Tiedeken 67 
et al. 2016), but could also occur as a pleiotropic consequence of plant defense against foliar 68 
herbivory (Adler 2000, Heil 2011). Pollen secondary chemistry is also central to plant 69 
reproduction, mediating interactions with pollinators, microbes and the abiotic environment 70 
(Dobson and Bergstrom 2000, Murphy 2000, Pacini and Hesse 2005, Arnold et al. 2014).  71 
Floral chemistry can have effects that are organism-, dose-, and context-dependent. First, 72 
many floral compounds attract pollinators, but repel ants and other non-pollinating insects 73 
(Stephenson 1982, Junker and Blüthgen 2010, Galen et al. 2011, Junker et al. 2011a) and inhibit 74 
microbes (Dobson and Bergstrom 2000, Huang et al. 2012, Junker and Tholl 2013). In some 75 
cases, however, nectar chemicals can deter consumption by pollinators (Hagler et al. 1990, 76 
Hagler and Buchmann 1993, Kessler et al. 2008, Barlow et al. 2017), with negative as well as 77 
positive effects on plant reproduction in different systems (Adler and Irwin 2005, 2012, Kessler 78 
et al. 2008, Thomson et al. 2015). Second, the same compound can have different consequences 79 
at different doses. For example, low concentrations of caffeine in nectar improved pollinator 80 
memory and increased pollination services to artificial flowers (Wright et al. 2013, Thomson et 81 
al. 2015), but high concentrations of caffeine and other compounds deterred pollinators 82 
(Singaravelan et al. 2005, Wright et al. 2013). Third, compounds may have different effects in 83 
the context of chemical mixtures. For example, individual floral volatiles may be attractive only 84 
as components of a blend (Hebets and Papaj 2005).  85 
Despite the importance of chemical concentration and context in floral ecology, 86 
challenges associated with chemical analysis of nectar and pollen have limited the number of 87 
species for which secondary chemistry has been fully and quantitatively described. Although 88 
qualitative assays of particular compound classes date back many decades (Baker 1977, Dobson 89 
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1988), quantitative assessments are still limited to a handful of plant species, and often target 90 
particular compounds. Within species, chemical composition of floral rewards can vary at the 91 
scale of individual plants, patches, and populations (Kessler et al. 2012, Egan et al. 2016), and 92 
this variation can influence plant-pollinator interactions (Kessler et al. 2012, Thomson et al. 2015, 93 
Barlow et al. 2017). However, even in well-studied species, little is known about the extent of— 94 
or contributors to— intraspecific variation in nectar and pollen chemistry. 95 
The relative costs and benefits of attraction and defense may be different for pollen than 96 
for nectar. Chemical defense of pollen makes intuitive sense because pollen is the male gamete, 97 
and therefore requires chemicals for development (Grienenberger et al. 2009) and for protection 98 
from insects, microbes, and abiotic stressors such as desiccation and UV light (Pacini and Hesse 99 
2005), whereas the sole purpose of nectar is to reward mutualists.  Optimal defense theory 100 
predicts that defensive chemicals are preferentially allocated to a plant’s most valuable tissues 101 
(Zangerl and Rutledge 1996). Therefore, we might expect  pollen to have higher concentrations 102 
of defensive compounds than nectar (Cook et al. 2013). Indeed, in two Delphinium species, 103 
anther alkaloid concentrations were 150- to 3,000-fold higher than nectar concentrations, and 104 
comparable to levels in leaves, flowers, and fruits (Cook et al. 2013). However, in Chelone 105 
glabra, iridoid glycoside concentrations were similar in nectar and pollen (Richardson et al. 106 
2016), and in Brugmansia aurea, alkaloid concentrations were higher in nectar than pollen 107 
(Detzel and Wink 1993). These examples emphasize the need to compare differences in chemical 108 
concentrations of pollen and nectar in a wider range of plant species to make general statements 109 
about relative amounts in nectar versus pollen. 110 
Within a single species, the chemistry of nectar and pollen may be interdependent. 111 
Studies on other plant parts reported chemical correlations between leaves and fruits (Wink 1988, 112 
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Agrawal et al. 2002), leaves and flowers (Kessler and Halitschke 2009, Kessler et al. 2011), 113 
leaves and nectar (Adler et al. 2012), and flowers and nectar (Barlow et al. 2017). These 114 
correlations suggest the hypothesis that secondary chemical concentrations in floral rewards may 115 
reflect pleiotropic consequences of natural selection for greater defense of leaves or flowers 116 
against herbivores (Adler 2000), or of artificial selection for lower secondary compound 117 
concentrations in the edible parts of cultivated plants (Wink 1988). On the other hand, many 118 
compounds are exclusive to either nectar, pollen, or leaves (Kessler and Baldwin 2007, Manson 119 
et al. 2012, Marlin et al. 2014, Stevenson et al. 2017), which suggests that plants can selectively 120 
allocate secondary compounds both quantitively and qualitatively. This selectivity could enable 121 
plants to transcend ecological costs through maintenance of tissue-specific chemical composition 122 
and consequent ecological function. For example, in Nicotiana africana, multiple insect-123 
deterrent alkaloids occur in leaves, but these compounds are absent from nectar; this selective 124 
distribution may facilitate defense against herbivores without repellence of pollinators (Marlin et 125 
al. 2014). A survey that assesses overlap between nectar and pollen chemical composition across 126 
a range of species would help to elucidate the extent of interdependence between nectar and 127 
pollen chemistry, and the degree to which chemistry of these two plant parts can evolve 128 
independently.  129 
Covariation among nectar and pollen compounds, termed “phenotypic integration” 130 
(Pigliucci 2003), may mediate attractiveness to and repellency of specific chemical combinations 131 
(Junker et al. 2017). In other words, covariation among compounds may modulate the effects of 132 
individual chemicals and concentrations. For example, in many host-seeking 133 
herbivore/pollinators, individual volatiles from host plants are less attractive than multi-134 
compound blends (Bruce and Pickett 2011). In pollinators, multiple integrated signals can help 135 
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floral visitors learn to associate food—or toxicity—with specific visual, olfactory, and gustatory 136 
stimuli (Dobson 1988, Cook et al. 2005, Junker and Parachnowitsch 2015). This learning of 137 
reward-associated signal patterns, which is facilitated by within-species consistency of multiple 138 
floral traits, promotes efficient resource collection by pollinators and effective pollination of 139 
plants (Heinrich 1975). In pollen specifically, integrated synthesis and degradation of different 140 
metabolites may be critical to development and maturation of the pollen grain and surrounding 141 
pollenkitt (Pacini and Hesse 2005, Blackmore et al. 2007), and therefore essential for plant 142 
fecundity. However, to our knowledge, phenotypic integration of nectar and pollen has not been 143 
investigated in any species (Dobson 1988, Cook et al. 2005, Junker and Parachnowitsch 2015).  144 
Thorough characterizations of floral reward secondary chemistry in a diverse array of 145 
species are needed to test ecological hypotheses related to tissue-specific differences in 146 
composition, constraints between nectar and pollen chemistry of the same species, and the extent 147 
of intraspecific variation across genotypes and environments.  Therefore, we conducted a 148 
comprehensive LC-MS-based characterization of nectar and pollen secondary chemistry from 31 149 
cultivated and wild plant species in 21 angiosperm families to address the following questions: 150 
1. What are the common classes of secondary compounds in nectar and pollen? 151 
2. How diverse are secondary metabolites in nectar and pollen across species?  152 
3. How do conspecific nectar and pollen differ quantitatively and qualitatively?  153 
4. Within species, how does chemistry vary across cultivars and across sites?  154 
5. Within a species and tissue type, what is the level of phenotypic integration, and is 155 
integration of nectar correlated with integration of pollen?  156 
 157 
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Materials and Methods 158 
Study sites and sampling design 159 
Nectar, pollen, and flower samples (hereafter referred to as “tissue types”) were collected 160 
from 31 phylogenetically diverse species of flowering plants from 21 families in Massachusetts, 161 
Vermont, and California, United States, in 2013 and 2014 (Appendix S1, Table S1). To 162 
characterize intraspecific variation in cultivated species, we collected up to 10 samples each of 3 163 
cultivars; for wild species, we collected up to 10 samples from each of 3 sites (see 164 
Supplementary Appendix S1: Table S1, Supplementary Data S1: file “Species_metadata.csv”, 165 
and Supplementary Data S1: data files “Sites.csv” and “Cultivars.csv” for all species names, 166 
sample sizes, site locations, and cultivar codes). Samples were obtained from local farms, natural 167 
areas or along roadsides (after obtaining permission where necessary), and in some cases plants 168 
were purchased from nurseries (Antirrhinum majus, two cultivars of Dicentra eximia, Digitalis 169 
purpurea, Eupatorium perfoliatum, Lobelia siphilitica, and Penstemon digitalis). We chose a 170 
mix of native and introduced species, with an emphasis on common species that are bee-171 
pollinated or for which we had prior knowledge of floral secondary chemistry to facilitate 172 
analyses. For crop plants, we focused on species whose yield is improved by pollination 173 
(Delaplane et al. 2000).  174 
Sample collection 175 
Nectar was collected with microcapillary tubes from flowers bagged in mesh for 24 h to 176 
allow nectar to accumulate. For most species, nectar was pooled across individual flowers and, 177 
when necessary, across plants to obtain a sufficient volume for analysis. Care was taken to avoid 178 
contamination of samples with pollen. Depending on the plant species, we collected nectar either 179 
from the top or bottom of the corolla after removing the flower from the plant. Each nectar 180 
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sample contained at least 5 µL but typically 20 µL nectar, added to 80 µL EtOH to prevent 181 
spoilage. Samples were kept on ice in the field, then stored at −20 °C until lyophilization. 182 
Alcohol from Thymus vulgaris nectar samples was evaporated at room temperature. For 183 
Antirrhinum majus and Rhododendron prinophyllum, nectar was initially too viscous to collect 184 
with microcapillary tubes. We added 20 µL deionized water to each flower’s nectary, and 185 
collected the resulting liquid several hours later. Concentrations and composition of these 186 
species' nectar should therefore be interpreted with caution. 187 
Pollen was collected from plants with mature, undehisced or newly dehiscing anthers. For 188 
17 species, we could only obtain sufficient quantities of pollen by collecting anthers, and, for 189 
Solidago canadensis, whole flower tops. Anther samples consisted of pollen, the pollen sac, and 190 
a small amount of filament. For simplicity, we refer to both anther and pollen samples as 191 
“pollen”. We aimed to collect at least 5 mg per sample. In most species, pollen was pooled 192 
across flowers within plants, but not across plants. Samples were lyophilized and stored at 193 
−20 °C until extraction. Flowers were also collected. These were mainly used to confirm 194 
identification of compounds found in nectar and pollen, but full chemical profiles were analyzed 195 
for 9 species. The flower sample consisted of the entire flower for 5 species, the flower without 196 
anthers for 2 species, the flower without carpel for 1 species, and the flower without calyx for 1 197 
species (see Table S1 in Appendix S1). 198 
Sample processing and chemical analyses 199 
Lyophilized nectar was redissolved in 50 µL methanol. Pollen samples were extracted in 200 
methanol as previously described (Arnold et al. 2014, Palmer-Young et al. 2016). Dried, 201 
unground pollen or flowers (5–50 mg) were sonicated for 10 min with 1 mL methanol in a 2 mL 202 
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microcentrifuge tube, then incubated without shaking for 24 h at room temperature. Samples 203 
were centrifuged for 5 min at 13,000 rpm, and the supernatant transferred to a glass vial. 204 
Extracts were analyzed by liquid chromatography (LC)-Electrospray Ionisation Mass 205 
Spectroscopy (ESIMS) and UV spectroscopy using a Micromass ZQ LC-MS (Waters, Elstree, 206 
Herts, United Kingdom).  Aliquots of nectar or pollen extract (10 µL) were injected directly onto 207 
a Phenomenex (Macclesfield, Cheshire, United Kingdom) Luna C18(2) column (150 × 3.0 mm 208 
inner diameter, 5 µm particle size).  Samples were eluted with solvents A = MeOH, B = H2O, C 209 
= 1% HCO2H in MeCN with the following program: A = 0%, B = 90% at t = 0 min; A = 90%, B 210 
= 0% at t = 20 min; A = 90%, B = 0% at t = 30 min; A = 0%, B = 90% at t = 31 min; solvent C 211 
was a constant 10% throughout the run. Column temperature was 30 °C and flow rate 0.5 mL 212 
min
−1
. To facilitate compound identification, High Resolution ESIMS data were recorded on a 213 
subset of samples using a Thermo LTQ-Orbitrap XL mass spectrometer (Waltham, MA, USA) 214 
coupled to a Thermo Accela LC system performing chromatographic separation of 5 µl 215 
injections on a Phenomenex Luna C18(2) column (150 mm × 3.0 mm i.d., 3 µm particle size). 216 
The Orbitrap used the same mobile phase gradient, column temperature, and flow rate as 217 
described for the ZQ-LCMS. Spectra were recorded in positive and negative modes at high 218 
resolution (30,000 FWHM (full width at half maximum)).  219 
Compounds were identified by comparison with mass spectra in the NIST spectral 220 
database version 2.0 (Kramida et al. 2013) and, when possible, spectral comparisons with 221 
authentic standards in the library at Royal Botanic Gardens, Kew, UK. Compound quantities 222 
were calculated from external standard curves based on mass spectra or UV absorbance of the 223 
same compound; if the compound was not available, a standard curve for a compound with the 224 
same chromophore was used instead. All concentrations are given in micromolar (µmol L
-1
 225 
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original volume for nectar, µmol kg
-1
 dry mass for flower and pollen). Nectar samples were 226 
typically too small to obtain accurate dry masses, which obligated the use of fresh volume-based 227 
concentrations, and pollen is generally partially dehydrated at maturity (Heslop-Harrison 1979, 228 
Pacini et al. 2006), suggesting that dry- and fresh mass-based concentrations are reasonably 229 
similar for pollen.  Most amino acids eluted in the solvent front and could not be quantified; 230 
therefore, we quantified only phenylalanine and tryptophan. “Alkaloids” as defined in the figures 231 
include all nitrogen-containing compounds except amino acids, including spermidine derivatives, 232 
and we note here that the boundaries of the alkaloid chemical class are not universally agreed 233 
upon (Hesse 2002). “Chlorogenic acids” refer to all phenylpropenoid derivatives of quinic acid. 234 
Statistical analyses 235 
All analyses were conducted in R version 3.3 for Windows (R Core Team 2014). 236 
Species accumulation curves 237 
To visualize chemical diversity across species, chemical species accumulation curves 238 
were computed with the vegan package v2.5, function “specaccum” (Oksanen et al. 2017), and 239 
graphed with ggplot2 v2.2 (Wickham 2009), cowplot v0.9 (Wilke 2016) and ggdendro v0.1 240 
(Vries and Ripley 2016). Color palettes used in figures were recommended by P. Tol (Tol 2012). 241 
Within- and cross-species accumulation curves were computed separately. We assessed 242 
accumulation of new compounds as more samples of a given species were analyzed within 243 
species, and as additional species were analyzed across species.  244 
Random forest 245 
Distinctiveness of species and tissue types were assessed by random forest machine-246 
learning algorithm (Breiman 2001). This technique determined whether samples could be 247 
reliably assigned to their correct species and tissue type based on proportional composition. and 248 
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has been used previously to distinguish between bacterial communities (Junker and Keller 2015), 249 
and different blends of floral volatiles (Junker et al. 2011b). To convert absolute concentrations 250 
to proportions, the absolute concentration of each compound (in µM) within each sample was 251 
divided by the sample's total concentration of quantifiable compounds. The analysis was 252 
implemented in R package "randomForest" v4.6 (Liaw and Wiener 2002) with 10,000 iterations 253 
and 10 randomly sampled compounds used for each split in the tree (“mtry = 10”). The out-of-254 
basket rate indicated the proportion of incorrectly assigned samples. 255 
Non-metric multidimensional scaling (NMDS) 256 
Clustering of sample chemical compositions by species and tissue type was visualized 257 
with non-metric multi-dimensional scaling (NMDS) based on Bray-Curtis distances between 258 
each sample's proportional concentrations with function "vegdist" (Oksanen et al. 2017). NMDS 259 
of the distance matrix was performed with function “isoMDS” (Venables and Ripley 2002).  260 
Within-species ordinations were produced with function "metaMDS", which applies a Wisconsin 261 
double standardization and square-root transformation to the original data matrix, then computes 262 
an ordination based on Bray-Curtis distances between samples (Oksanen et al. 2017). The 263 
metaMDS ordination method was not used for the full cross-species data set because it resulted 264 
in convergence errors, but was used for visualization of within-species variation because it 265 
allows creation of convex hulls for each within-species group. 266 
Differences in chemical composition across tissue types, cultivars, and sites 267 
Statistical differences between tissue types, sites, and cultivars were assessed with 268 
permutational MANOVA function “adonis” in R package vegan (Oksanen et al. 2017). This 269 
function conducts an analysis of variance based on distance matrices using a permutation test to 270 
compute F-statistics and R
2
 values. Model R
2
 values are calculated as the sum of squares for 271 
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each factor divided by the total sum of squares for the model; they indicate the proportion of 272 
variance explained by each factor in the model (Oksanen et al. 2017), and are henceforth referred 273 
to as “percent of variance explained”. Permutational MANOVA models were run separately 274 
from the NMDS ordinations, which were used for visualization. When comparing across tissue 275 
types, we used proportional chemical concentrations because nectar, pollen, and flower 276 
concentrations were measured on different scales (by fresh volume for nectar, but by dry mass 277 
for flower and pollen). However, we used absolute concentrations when comparing within a 278 
species and tissue type. We elected to use absolute concentrations because we felt that they were 279 
a more direct reflection of the collected data, possibly more ecologically meaningful for 280 
interactions with mutualists and antagonists (Tiedeken et al. 2016, Barlow et al. 2017), and more 281 
relevant to future bioassays that test activity of specific compounds. In addition, they are 282 
statistically more appropriate for many analyses (Morton et al. 2017), and robust to different 283 
levels of ability to quantify co-occurring compounds. 284 
Comparisons of absolute concentrations and chemical species richness by tissue type 285 
We used general linear mixed models, fit with the lme4 package v1.1 (Bates et al. 2015), 286 
to compare absolute chemical concentrations of each chemical class in nectar and pollen. Within 287 
each sample, we calculated total concentration of each compound class by summation of the 288 
micromolar concentrations of each constituent compound. Median species-level concentration 289 
was then computed for each chemical class and tissue type. To conform to distributional 290 
assumptions of the model, only non-zero (i.e., positive) values for median concentration were 291 
used. Although this approach obscures within-species variation in concentrations—which were 292 
pursued in detail in subsequent analyses—our aim in this analysis was to compare in general 293 
terms the concentrations found in nectar and pollen. Models used a Gaussian error distribution 294 
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with species-level median ln (1 + µM) concentration within each chemical class as the response 295 
variable, and tissue type (nectar or pollen) as the predictor variable. Plant species was used as a 296 
random effect to account for possible non-independence of nectar and pollen concentrations in 297 
samples from the same species. To compare chemical concentrations for species where we 298 
collected anthers rather than pure pollen, a t-test was used to compare species-level median log-299 
transformed concentrations for chemical classes that were represented in at least six species of 300 
each pollen type (alkaloids, amino acids, and flavonoids). To test for differences in chemical 301 
species richness between nectar and pollen, we used a generalized linear mixed model with a 302 
Poisson error distribution. Chemical richness (i.e., number of compounds found) was the 303 
response variable, tissue type the predictor variable, and plant species the random effect. For this 304 
and subsequent lme4 models, homogeneity of variance and distribution of residuals were 305 
inspected with quantile-quantile and residuals vs. fitted-value plots to check for conformation to 306 
model assumptions (Bolker et al. 2009). 307 
Trait space overlap between nectar and pollen, and across cultivars and sites 308 
We used the dynamic range boxes package v0.10 (Junker et al. 2016) to assess 309 
differences in volume and overlap of multivariate chemical trait spaces (niche hypervolumes) 310 
across tissue types, and across cultivars (for cultivated species) or sites (for wild species) within 311 
individual species. Independent analyses were performed for each species (for comparisons 312 
across tissue types), or for each species and tissue type (for comparisons across cultivars or sites). 313 
The "dynamic range box" is a multivariate measure of the chemical trait space occupied by a 314 
tissue type, with each compound considered as a separate dimension of the n-dimensional trait 315 
space. The size of the range box in each dimension corresponds to the variability in 316 
concentration of each compound. Hence, a voluminous range box indicates a high variability in 317 
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chemical concentration of the compounds. For comparisons of trait space volume between nectar 318 
and pollen, proportional (rather than absolute) concentrations were used to compute the sizes of 319 
range boxes. We used proportional concentrations because nectar and pollen concentrations were 320 
measured on different scales (fresh volume vs. dry mass), and because large differences in 321 
absolute concentrations were already obvious based on visual inspection of the data. By using 322 
proportional data, the composition of tissues with differences in absolute concentration can be 323 
compared. Differences in trait space volume between tissue types were tested with Gaussian 324 
family linear mixed-effects models using size of the n-dimensional hypervolume as the response 325 
variable, tissue type as the predictor variable, and plant species as a random effect.    326 
Proportional overlap between groups of samples was measured as the arithmetic mean of 327 
overlap in chemical concentrations for each compound, i.e., in each dimension of trait space 328 
(dynamic range boxes aggregation method “mean”). Proportional overlaps are, by construction, 329 
asymmetric. This is because each group of samples occupies a different total volume of trait 330 
space (Junker et al. 2016). Therefore, any shared trait space may represent a relatively small 331 
proportion of total trait space for a group that occupies a large trait space, but a relatively large 332 
proportion of total trait space for a group with that occupies a smaller trait space. In the case of 333 
chemical trait space, asymmetric overlap indicates that one type of sample encompasses a larger 334 
fraction of the number of compounds found in the other group, and/or spans a larger spectrum of 335 
concentrations for compounds shared between the two groups. For example, if nectar contains 1 336 
compound, and pollen contains the same compound, at the same concentrations, but also 3 337 
additional compounds, then pollen will occupy a larger proportion of nectar trait space than 338 
nectar does of pollen. As a result, we can expect pollen to perform many of the chemically 339 
mediated functions performed by nectar in terms of, e.g., the number of microbe, herbivore, or 340 
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pollinator species that are attracted or repelled. Further examples can be found elsewhere 341 
(Kuppler et al. 2017, Junker and Larue-Kontić 2018). Asymmetry in trait space overlap was 342 
tested in Gaussian family general linear mixed models that used the proportional trait space 343 
overlap (i.e., shared trait space divided by total trait space) as the response variable, tissue type 344 
as the predictor variable, and plant species as a random effect.  345 
Coefficients of variation (CV) were calculated as the ratio of standard deviation to mean 346 
concentration for each compound within each species and tissue type. The coefficient of 347 
variation was calculated at two levels of resolution: the “species level” (i.e., a CV calculated for 348 
each compound within each species and tissue type, without consideration of sites and cultivars) 349 
and the “within-species” level (i.e., a CV calculated for each compound within each combination 350 
of species, tissue type, and site or cultivar). A Gaussian family linear mixed model was fit with 351 
coefficient of variation as the response variable; tissue type, level of resolution, and their 352 
interaction as predictors, and species as a random effect. Post hoc pairwise comparisons with 353 
Tukey adjustment for multiple tests were made using R package lsmeans v2.27 (Lenth 2016).  354 
We also tested for differences in CV for compounds from different chemical classes within each 355 
tissue type. Square root-transformed CV was the response variable, chemical class and tissue 356 
type were the predictor variables, and plant species was the random effect to account for non-357 
independence of CV for different compounds within the same species.  358 
Phenotypic integration 359 
We assessed the extent of covariation among different compounds within each species or 360 
tissue by calculating phenotypic integration (Pigliucci 2003). High phenotypic integration 361 
indicates that compounds have consistent relative concentrations; low phenotypic integration 362 
indicates variability in relative concentrations.  Phenotypic integration was determined for each 363 
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species and tissue type with at least 8 samples following previously described approaches for 364 
plant volatiles (Junker et al. 2017). Pearson's correlation coefficient r was computed for all 365 
concentrations (in µM) of all pairs of compounds. Eigenvalues were calculated for the resulting 366 
correlation matrix. Raw phenotypic integration index was measured as the variance of the 367 
eigenvalues with a correction for sample size (Wagner 1984, Herrera et al. 2002, Junker et al. 368 
2017). This index can be compared across species and tissue types with different numbers of 369 
compounds and samples. 370 
In addition to calculating the integration index using complete chemical profiles, we also 371 
calculated within-module phenotypic integration (Junker et al. 2017). "Modules" are groups of 372 
well-correlated compounds, defined by hierarchical cluster analysis of a dissimilarity matrix of 373 
chemical concentrations (R function "hclust"). The optimal number of modules was determined 374 
with the “silhouette” function (Maechler et al. 2005). The mixture was divided into the optimal 375 
number of modules with the “cutree” function, and phenotypic integration was computed 376 
separately for each module. 377 
Differences in phenotypic integration between nectar and pollen were assessed with a 378 
linear mixed-effects model that used integration index as the response variable (Gaussian 379 
distribution), tissue type (flower, nectar, or pollen) as the predictor variable, and species as a 380 
random effect. Post hoc pairwise comparisons with Tukey adjustment for multiple tests were 381 
made using R package lsmeans (Lenth 2016).Correlation between phenotypic integration of 382 
nectar and pollen was assessed with a Pearson correlation for all species with at least 8 samples 383 
each for both nectar and pollen.  384 
To assess the effects of shared biosynthetic pathways on correlation between 385 
concentrations of compound pairs, we computed all pairwise correlation coefficients for species 386 
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and tissue types represented by at least 8 samples. Correlations were grouped as “within-class” 387 
(i.e., both compounds belonged to the same chemical class) or “between-class” (i.e., the two 388 
compounds belonged to different classes). We compared correlation strength (Pearson’s r) for 389 
within- versus between-class correlations in a general linear mixed model. The model used 390 
Pearson’s r as the response variable (Gaussian distribution); tissue type, relationship between 391 
compounds (within- vs. between-class), and their interaction as predictor variables; and plant 392 
species as the random effect. Pairwise contrasts were computed with Tukey correction for 393 
differences between tissue types. Additional comparisons were made for the effect of chemical 394 
relationship within each tissue type. Whereas the phenotypic integration analysis treated each 395 
species and tissue type as one observation, this analysis used each pair of compounds within a 396 
species and tissue type as one observation. As a result, it had greater power to distinguish effects 397 
of tissue type and shared biosynthetic pathway on covariation among compounds.      398 
 Phylogenetic signal 399 
We tested for phylogenetic signal in total concentrations of flavonoids, alkaloids and 400 
spermidines, and terpenoids in nectar and pollen, and phenotypic integration index of nectar and 401 
pollen.  We used function “congeneric.merge” in the pez package v1.1 (Pearse et al. 2015) to 402 
obtain a time-scaled, rooted tree by extraction of our species from an unparalleled molecular 403 
phylogeny of flower plants (Zanne et al. 2014). Phylogenetic signal was assessed with the 404 
function "phylosig" in R package phytools v0.6 (Revell 2012), which uses a permutation test 405 
(10,000 iterations) to compute Bloomberg's K (Blomberg et al. 2003).  406 
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Data availability 407 
All raw data are available in the Supplementary Materials (Data_S1.zip). Please see 408 
Metadata_S1_v1.docx for a complete guide to these data files.  409 
 410 
Results 411 
Patterns of composition and diversity 412 
Our survey identified 102 compounds across samples of flowers (9 species), nectar (26 413 
species), and pollen (28 species). The most common secondary compound classes were 414 
flavonoids, alkaloids including spermidine derivatives, terpenoids, and chlorogenic acids (Fig. 1). 415 
Phenylpropanoids other than chlorogenic acids consisted of acylated sugars (feruloyl glucose in 416 
Fragaria pollen and Silene nectar), rosmarinic acid (Monarda pollen and Thymus nectar), and a 417 
lignin glycoside (Penstemon pollen). Also ubiquitous were the free amino acids phenylalanine 418 
and tryptophan, which were recorded in 92% of nectars and 100% of pollens. The most 419 
frequently recorded compounds were the flavonoids quercetin and kaempferol glycosides, which 420 
were among the five most common compounds for all three tissue types (Table 1). Many pollens 421 
(71% of species) contained hydroxycinnamoyl-spermidines, mainly triscoumaroyl and 422 
trisferuloyl spermidines. 423 
Aside from these common compounds, cross-species diversity of flower, nectar, and 424 
pollen samples was high. Most compounds were found in only a single species (Fig. 2a), and 425 
new compounds were discovered with each additional species sampled (Fig. 2b). Within species, 426 
however, the qualitative composition of compounds was consistent (Fig. 2c). Because 427 
lyophilization likely resulted in loss of the most volatile sample components, and we could not 428 
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simultaneously optimize our chromatographic methods for all possible compounds, the true 429 
diversity of compounds in the samples is even greater than what is depicted here. We would 430 
therefore encourage the analysis of fresh samples and the use of alternative methods of 431 
separation and detection, such as GC-MS, to identify additional chemical components.  432 
Differentiation across species and tissue types 433 
Each species and tissue type exhibited characteristically unique phytochemistry, visible 434 
using NMDS multivariate ordination based on proportional composition (Fig. 3). Species and 435 
tissue type explained R
2
 = 86.6% of the variation among samples. A random forest analysis 436 
assigned compounds to the correct plant species and tissue type with 98.6% accuracy.  437 
On an absolute scale, pollen had much higher concentrations of secondary metabolites 438 
than did nectar. Non-zero median pollen concentrations were 23.8- (terpenoids) to 235-fold 439 
(flavonoids) higher than those in nectar (Fig. 4; pairwise comparisons: alkaloids: t = 6.76, P < 440 
0.001; amino acids: t = 9.27, P < 0.001; flavonoids: t = 12.06, P < 0.001; terpenoids: t = 2.27, P = 441 
0.025). Pollen concentrations did not differ between species where we collected anthers rather 442 
than pollen (t-test P > 0.20 for alkaloids, amino acids, and flavonoids).  443 
Flowers, nectar, and pollen also had distinct proportional composition at the level of both 444 
individual compounds (perMANOVA: F2, 1482 = 65.9, P = 0.001, R
2
 = 0.081, Fig. 3) and 445 
compound classes (F2,58 = 4.18, P = 0.001, R
2
 = 0.125). Flowers had the highest proportion of 446 
flavonoids (53% of documented chemical composition) and the lowest proportion of alkaloids 447 
(9%) and free amino acids (4%, Fig. 5), nectar had the highest proportion of free amino acids 448 
(23%) and terpenoids (19%, Fig. 5), and pollen had the highest proportion of alkaloids and 449 
spermidines (42%) and the lowest proportion of terpenoids (1%, Fig. 5). Most samples not 450 
covered by these chemical classes were dominated by chlorogenic acids, which comprised 85% 451 
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of composition of Helianthus flowers, 33% of Dicentra nectar, 62% of Penstemon nectar, and 60% 452 
of Rhododendron nectar. Both nectar and pollen of Geranium were dominated by tannins.  453 
Of the nectars with a high (>15% documented chemistry) proportion of alkaloids and 454 
spermidines, Citrus contained only caffeine (42% of total concentration); Dicentra contained 455 
aporphine-, aconitine-, and isoquinoloid-type alkaloids (total 17%); Digitalis (41%) and 456 
Helianthus (71%) contained acylated spermidines; Echium contained several pyrrolizidine 457 
alkaloids as echimidine derivatives (total 81%); and Lobelia contained two piperidyl and one 458 
pyridyl alkaloid (total 51%). 459 
Pollen also differed qualitatively and quantitatively from nectar (Fig. 6). Across all 460 
species, nectar and pollen shared on average only 34% of compounds. Much of this overlap was 461 
due to phenylalanine and tryptophan, which were common in both nectar and pollen (Fig. 1). 462 
When amino acids were excluded, the qualitative contrast was even more stark (22% nectar only, 463 
57% pollen only, 22 % shared). Pollen contained, on average, 63% more compounds than did 464 
nectar (9.3 ± 0.67 compounds SE in pollen vs 5.7 ± 0.51 compounds per species in nectar, Z = 465 
4.41, P < 0.001).  466 
Chemical trait space overlap between conspecific nectar and pollen 467 
We used dynamic range boxes to obtain quantitative estimates of trait space overlap 468 
between nectar and pollen of the same species. Despite the higher number of compounds in 469 
pollen which allowed for variation in more chemical dimensions, nectar and pollen occupied 470 
similar amounts of chemical trait space based on proportional composition (nectar and pollen 471 
hypervolumes both had size 0.71 ± 0.03 SE). There was, accordingly, little asymmetry in trait 472 
space overlap between the two tissue types, with median trait space overlap of 0.14 (Fig. 7). This 473 
low overlap, which reflects both the proportion of shared compounds (Fig. 7) and their relative 474 
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concentrations (Fig. 5), adds further evidence of phytochemical differentiation between nectar 475 
and pollen within a single species. When the same analysis was run on absolute concentrations 476 
rather than proportional composition, trait space overlap was near zero (Appendix S1, Fig. S2), 477 
reflecting higher absolute concentrations found in pollen (Fig. 4). On the absolute scale (Fig. S2), 478 
trait space overlap between nectar and pollen was greatest in species that lacked unique 479 
compounds in nectar (Impatiens, Rhododendron, and Verbascum; Fig. 6). In these cases, pollen 480 
trait space overlapped more than half of nectar trait space (Fig. S2).  481 
Intraspecific differences across cultivars and sites 482 
Across cultivars of the same species, permutational MANOVA showed significant 483 
variation in chemical concentrations for 11 of 15 comparisons (2/2 species for flowers, 4/5 for 484 
nectar, 5/8 for pollen). These comparisons were chosen a priori to reflect species with high 485 
levels of replication. Cultivar explained 32.5% of intraspecific variation across samples on 486 
average (Table 2A). Across sites for wild species, we found significant variation in chemical 487 
concentrations for 8 of 14 comparisons (0/1 for flower, 3/5 for nectar, 5/7 for pollen), and site 488 
explained R
2
 = 21.1% of intraspecific variation across samples on average (Table 2B).   489 
We analyzed intraspecific trait space overlap across cultivars and sites with dynamic 490 
range boxes (Fig. 8). Linear mixed model post-hoc comparisons indicated that for both cultivar- 491 
and site-level comparisons, nectar trait spaces had significantly greater overlap across within-492 
species groups than did pollen trait spaces (Cultivars: t = 2.1, P = 0.039; Sites: t = 3.74, P < 493 
0.001).   494 
The greater overlap in nectar than pollen likely reflected higher intraspecific coefficients 495 
of variation (CV) in nectar chemical concentrations than in pollen or flowers (Fig. 9). Nectar 496 
concentrations had on average 90% higher CV than pollen; this difference was consistent 497 
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whether CV was calculated based on variation in concentrations at the species level (t = 10.50, P 498 
< 0.001) or the within-species level (i.e., variation within sites and cultivars, t = 12.77, P < 499 
0.001). Accounting for sites and cultivars significantly reduced CV by 14% relative to when 500 
variation was calculated at the species level (Species-level CV = 0.82 ± 0.04 SE; Within-species 501 
CV = 0.70 ± 0.04 SE, t = -4.17, P < 0.001). No significant effect of chemical class on CV was 502 
found for flowers, nectar, or pollen (Class effect, F4, 310 = 1.77, P = 0.13; P > 0.20 for all Tukey-503 
corrected pairwise contrasts between classes within tissue types). 504 
Domesticated apple (Malus domestica) exemplified chemical separation across tissue 505 
types and cultivars within a single species (Fig. 10). Flowers, nectar, and pollen were completely 506 
distinguished from one another, and tissue type explained R
2
 = 81% of variation across samples 507 
(MANOVA F2, 84 = 207.4, P = 0.001, Fig. 10A). Within nectar and within pollen, cultivars 508 
exhibited almost complete separation in chemical trait space (nectar: F2, 29 = 8.58, P = 0.001, R
2
 509 
= 0.39; pollen: F2, 29 = 13.93, P = 0.001, R
2
 = 0.51, Fig. 10B, C).   510 
Phenotypic integration 511 
Chemical mixtures were generally less integrated in flowers (least squares mean 9.91 ± 512 
4.59 SE) than in nectar (21.30 ± 2.96 SE) and pollen (21.53 ± 3.17 SE), but these differences 513 
were not statistically significant (F2, 39.6 = 2.37, P = 0.10, Fig. 11A). However, integration of 514 
chemical modules varied significantly across tissue types (F2,36.4 = 4.31, P = 0.021). Within-515 
module integration was significantly higher in nectar (46.1 ± 4.30 SE) than in flowers (26.2 ± 516 
6.26 SE, t = 2.76, P = 0.024, Fig. 11B). Within-module integration of pollen was intermediate 517 
(35.33 ± 4.01 SE) and not significantly different from either nectar (t = -1.98, P = 0.13) or 518 
flowers (t = 1.26, P = 0.42, Fig. 11B). Integration of nectar and pollen were not significantly 519 
correlated (t = -0.538, P = 0.60, Fig. 11C).  520 
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Consideration of individual species showed that compounds tended to cluster by 521 
biosynthetic relatedness. For example, in Malus domestica nectar (Fig. S3), there were seven 522 
pairwise correlations with r values above 0.80. All were between pairs of flavonoids or a 523 
flavonoid and chlorogenic acid (Fig. S3). Chlorogenic acid is an ester of quinic and caffeic acids. 524 
Caffeic acid, like other flavonoids, is synthesized via the phenylpropanoid pathway (Rice-Evans 525 
et al. 1996). These shared metabolic precursors may explain correlations between concentrations 526 
of chlorogenic acid and flavonoids. Likewise, in Digitalis purpurea pollen, nine of the 10 527 
strongest correlations (highest r-values) were between chemically similar spermidine derivatives 528 
(Fig.’s S4, S5).  529 
Analysis of all pairwise correlations between compounds indicated stronger positive 530 
correlations for within-class (i.e., both compounds belonged to the same chemical class) than 531 
between-class compound pairs (F2,1238 = 12.35, P < 0.001). Within each tissue type, the effect of 532 
chemical relatedness was significant for both nectar (t = 4.26, P < 0.001) and for pollen (t = 4.59, 533 
P < 0.001). The effect of chemical relatedness did not vary significantly across tissue types 534 
(Relationship x Type interaction: F2,1280 = 2.28, P = 0.10), although the estimate for the effect of 535 
chemical relatedness tended to be higher for nectar (0.21 ± 0.043 SE) than for pollen (0.13 ± 536 
0.028 SE, Fig. S6). Across all compound pairs, correlation coefficients were higher in nectar 537 
than in pollen (estimate of differences: 0.11 ± 0.030 SE, t = 3.82, P < 0.001), and marginally 538 
higher in pollen than in flowers (estimate 0.075 ± 0.032 SE, t = 2.36, P = 0.048, Fig. S6).  539 
 540 
Phylogenetic signal 541 
No significant phylogenetic signal was found for median total concentrations of alkaloids, 542 
amino acids, flavonoids, or terpenoids in nectar or pollen (Bloomberg's K randomization test, K 543 
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= 1.09, P = 0.07 for nectar terpenoids, P > 0.25 for all others), nor for number of compounds or 544 
phenotypic integration of nectar or pollen (Bloomberg's K randomization test, P > 0.45 for all). 545 
 546 
Discussion 547 
In the most comprehensive qualitative and quantitative cross-taxon description of nectar 548 
and pollen chemistry to date, we found marked differentiation of nectar and pollen across species, 549 
clear quantitative and qualitative distinction between nectar and pollen of the same species, and 550 
intraspecific variation in both nectar and pollen chemistry across cultivars and sites. Pollen had 551 
higher concentrations and more compounds than did nectar, consistent with Optimal Defense 552 
Theory. These data provide a new level of insight into the secondary chemistry of nectar and 553 
pollen, and provide a framework for future research on the heritability, ontogeny, and ecological 554 
consequences of chemical variation in floral rewards.  555 
Common compounds and potential functions 556 
Most secondary chemicals were from a few common classes—flavonoids, alkaloids, 557 
chlorogenic acids, and terpenoids. Flavonoids are widespread among plants and tissue types 558 
(Taylor and Grotewold 2005). Flavonoids in our samples—mainly quercetin and kaempferol 559 
glycosides—were among the most frequently recorded compounds in flowers, nectar, and pollen, 560 
where they may mediate both biotic and abiotic interactions. First, flavonoids can serve primary 561 
functions as plant growth regulators (Taylor and Grotewold 2005). For example, flavonoids can 562 
govern pollen fertility (Mo et al. 1992). These growth-regulating properties could also contribute 563 
to the allelopathic activity of flavonoids against microbes and insects (Taylor and Grotewold 564 
2005), and inhibit germination of competing, heterospecific pollen (Murphy 2000). Second, 565 
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flavonoids can act as antioxidants, which could improve tolerance of pollen grains to abiotic 566 
stressors that may reduce viability (Schoper et al. 1986). While hydroxycinnamic acids have 567 
superior absorption of UVB irradiation, flavonoids also absorb wavelengths in the UV spectrum, 568 
and accumulation is stimulated by both visible and UV light exposure, as well as by other abiotic 569 
stressors that generate reactive oxygen species (Agati and Tattini 2010). The high flavonoid 570 
concentrations in our pollen samples (median non-zero concentrations > 14,000 µM) are similar 571 
to those reported for leaves grown in full sunlight (Agati and Tattini 2010), which suggests that 572 
pollen has comparable abilities to withstand potentially damaging radiation. Third, flavonoids 573 
can regulate biotic interactions with mutualists and antagonists. Flavonoids generally reduce 574 
herbivory and infection (Karpinski et al. 2003, Cushnie and Lamb 2005). In multiple plant 575 
species, high constitutive and inducible leaf flavonoid content has been correlated with insect 576 
and pathogen resistance (Treutter 2005). Protection of nectar and pollen from microbial and 577 
insect antagonists may help to preserve these resources for plant reproduction.  Flavonoids may 578 
also be an honest signal for insects with vision in the UV spectra; nectar with flavonoids 579 
fluoresces under UV light (Thorp et al. 1975) and could visually guide pollinators to rewarding 580 
flowers. 581 
Alkaloids and spermidines in our samples were dominated by the spermidine conjugates 582 
in pollen. Spermidines were generally esterified to one or more cinnamic acids, e.g., 583 
triscoumaroyl and trisferuloyl spermidines. These compounds likely play both developmental 584 
and ecological roles. Found in all plants, hydroxycinnamoyl spermidines are thought to have 585 
phytohormone-like roles in plant development and abiotic stress tolerance; synthesis is induced 586 
by exposure to heat, UV, salinity, and dessication (Gill and Tuteja 2010) as well as by herbivory 587 
(Bassard et al. 2010). In N. attenuata, foliar concentrations of 520 µM reduced herbivore growth 588 
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rates by 50%; the median nonzero alkaloid concentration in our pollen samples (23,000 µM) was 589 
44-fold higher (Kaur et al. 2010). 590 
Both developmental and ecological functions of spermidines are likely important for 591 
pollen, which must endure abiotic stresses that can reduce viability (Schoper et al. 1986) before 592 
it germinates to fertilize ovules. In Arabidopsis, deficiency of spermidine conjugates caused  593 
pollen grains to become deformed, indicating the developmental role of these compounds 594 
(Grienenberger et al. 2009). Prior to germination, pollen may be exposed to insects and 595 
pathogens, which can be inhibited by spermidines (Walters et al. 2001), and UV irradiation, 596 
which can be absorbed by spermidines (Gill and Tuteja 2010). In Arabidopsis pollen, 597 
hydroxycinnamoyl spermidines are concentrated in the pollen coat, an ideal location to function 598 
in UV absorption and inhibition of insects and pathogens (Grienenberger et al. 2009). Despite 599 
their multi-functionality and developmental importance, nearly one-third of our tested pollens 600 
lacked spermidines, suggesting that these compounds are dispensable for some species.  601 
We recorded spermidine conjugates in nectar of Helianthus annuus and Digitalis 602 
purpurea. Spermidines have not been previously reported in nectar, although they have been 603 
found in xylem and phloem, and the enzymes that catalyze their synthesis have been found in 604 
nectar (Friedman et al. 1986, Shah et al. 2016). In H. annuus and D. purpurea, nectar and pollen 605 
contained the same spermidine conjugates, suggesting that spermidines in nectar could be a 606 
result of contact with pollen. Regardless of their origin, the occurrence of spermidines in nectar 607 
may still be ecologically relevant to organisms that interact with these species.  608 
Overall, alkaloids comprised >15% of recorded metabolite concentrations in the nectar of 609 
6 of 26 species. Nectar alkaloids included caffeine in Citrus; aconitine and isoquinoline alkaloids 610 
in Dicentra, pyrrolizidine alkaloids in Echium, and piperidine and pyridyl alkaloids in Lobelia. 611 
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Alkaloids have antimicrobial and insect-deterrent properties (Wink 1993), which may defend 612 
nectar against bacteria and non-pollinating insects that can deplete floral rewards (Good et al. 613 
2014, Barlow et al. 2017). Whether nectar alkaloids are beneficial for pollination per se remains 614 
a matter of debate. Effects may depend on ecological context. For example, alkaloids reduced 615 
plant reproduction in Gelsemium sempervirens through deterrence of pollinators (Adler and 616 
Irwin 2005), but increased outcrossing in Nicotiana attenuata by enforcement of modest 617 
drinking behavior (Kessler et al. 2008), and had dose-dependent benefits for pollination of 618 
artificial flowers (Thomson et al. 2015). Nectar alkaloids could benefit pollination when they are 619 
preferred over alkaloid-free solutions by honey and bumble bees (Singaravelan et al. 2005, 620 
Thomson et al. 2015); enhance pollinator memory and associative learning (Wright et al. 2013, 621 
Baracchi et al. 2017); or deter nectar robbers, which preserves rewards for pollinators (Barlow et 622 
al. 2017). For example, 10 µM caffeine in nectar of artificial flowers resulted in more pollination 623 
from bumble bees than 100 µM or no caffeine (Thomson et al. 2015), and 129 µM caffeine at 624 
artificial feeders increased recruitment of honey bees (Couvillon et al. 2015). The caffeine 625 
concentrations in our Citrus nectar samples (median 25.6 µM, interquartile range 14.7-50.4 µM) 626 
are within the concentration range that may benefit pollination by several of these mechanisms.  627 
Differentiation across species 628 
Across the species surveyed, each species and tissue type was chemically unique. Most 629 
compounds were recorded only once, and new compounds were recorded with each additional 630 
species sampled (Fig. 2). This is likely due, at least in part, to our phylogenetically diverse set of 631 
species, which came from 21 plant families. Despite quantitative variation within species, 632 
random forest (machine-learning) algorithms assigned samples to their correct taxon and tissue 633 
type with over 98% accuracy. Each tissue type within a species was characterized by a unique 634 
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combination of chemicals not found in any other species, or even in other floral tissues of the 635 
same plant. Nectar and pollen of the same species were chemically distinct in proportional 636 
composition, absolute concentrations, and chemical identity, all of which suggest chemical 637 
regulation to accomplish specific ecological functions. These results, which are consistent with 638 
prior surveys that revealed high floral phytochemical diversity (Junker et al. 2011a, Courtois et al. 639 
2016), suggest that nectar and pollen chemistry of the same plant can take independent 640 
evolutionary trajectories. Prior studies of floral volatiles and nectar have shown lower levels of 641 
insect-repellent compounds in species that benefit from animal pollination, which is thought to 642 
reflect the high costs of pollinator deterrence for obligate outcrossers (Abel et al. 2009, Adler et 643 
al. 2012). Future studies should test whether pollen exhibits the same chemical trends as these 644 
other tissue types, with reduced levels of defensive chemicals in pollinator-dependent species. 645 
 646 
Pollen and nectar of the same species had distinct phytochemistry 647 
Differences between nectar and pollen are exemplified by alkaloids and spermidines, 648 
where concentrations in nectar were orders of magnitude lower than those in pollen, consistent 649 
with the lower concentrations of alkaloids in Nicotiana spp. nectar relative to leaves and flowers 650 
(Adler et al. 2012). In our samples, caffeine concentrations in Citrus nectar were 2,900-fold 651 
lower than those in pollen. In a variety of Coffea and Citrus spp., nectar caffeine concentrations 652 
were always below the taste thresholds of honey bees, but were sufficient to enhance honey bee 653 
memory for floral cues associated with a reward (Wright et al. 2013). Many alkaloids and 654 
spermidines present in pollen were absent from nectar, which indicates that the presence of 655 
alkaloids in nectar is not necessarily constrained by their presence in other tissues, at least in 656 
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pollen. This finding is consistent with previously documented lack of nectar alkaloids in 657 
Nicotiana africana (Marlin et al. 2014), and nectar limonoids in Citrus sinensis (Stevenson et al. 658 
2017).  Generally, our results suggest selection for lower alkaloid levels in nectar to minimize 659 
pollination-related costs (Adler et al. 2012), and are consistent with the disposability of nectar—660 
a dedicated floral reward—relative to the male gametes in pollen (Hargreaves et al. 2009).  661 
We still have much to learn about mechanisms of nectar production, and the degree to 662 
which nectar chemistry reflects secondary metabolism in other parts of the plant (Heil 2011, 663 
Stevenson et al. 2017). Whereas pollen development, including the production of pollenkitt, have 664 
been described in detail (Heslop-Harrison 1979, Pacini and Hesse 2005, Blackmore et al. 2007), 665 
including at the molecular level (Grienenberger et al. 2009, Yonekura-Sakakibara et al. 2014), 666 
the molecular basis of sugar transport in nectar was only elucidated recently (Lin et al. 2014). 667 
Greater knowledge of nectar production would help to clarify physiological constraints on 668 
chemical composition. Correlations between nectar and corolla chemistry (Cook et al. 2013, 669 
Richardson et al. 2016, Barlow et al. 2017) may relate to the mode of nectar secretion. For 670 
example, in Ranunculaceae, some species secrete nectar through cuticular microchannels, 671 
whereas others release nectar by rupture of epidermal cells that line the nectary (Antoń and 672 
Kamińska 2015). The latter mechanism releases the entire cytoplasmic contents into the nectary, 673 
which could be a less selective process than secretion through microchannels (Antoń and 674 
Kamińska 2015). Constraints between nectar and phloem chemistry may reflect sites of 675 
secondary compound synthesis. For example, locally synthesized or adsorbed nectar chemicals 676 
(Raguso 2004) might be less constrained by phloem chemistry relative to compounds that are 677 
synthesized systemically and transported via xylem or phloem. For remotely synthesized 678 
compounds, pleiotropic costs of foliar defenses could impose a lower limit on nectar 679 
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concentrations (Adler et al. 2012), whereas autotoxicity could impose an upper limit (Baldwin 680 
and Callahan 1993). We also do not know to what extent nectar composition is environmentally 681 
versus genetically determined (Mitchell 2004). Future study on regulation of nectar synthesis and 682 
provisioning with phytochemicals in diverse species will indicate which phytochemicals are 683 
constrained by versus independent from chemistry of other plant parts. Overall, our data suggest 684 
strong independence of nectar and pollen secondary chemistry. They indicate that nectar 685 
chemistry can evolve separately from that of pollen, both in terms of composition and 686 
concentration.  687 
Intraspecific variation across cultivars and sites 688 
Across cultivars and sites, within-species nectar and pollen phytochemistry was 689 
qualitatively conserved but quantitatively heterogeneous. Intraspecific differences were not only 690 
statistically significant, but also of large magnitude. A median pair of cultivars or sites shared 691 
less than two-thirds of chemical trait space for nectar and less than half for pollen, with possible 692 
implications for disease resistance, herbivore resistance, and pollinator behavior, as discussed 693 
below. 694 
We found the clearest differentiation in chemistry across cultivars. This likely reflects 695 
consequences of strong artificial selection, as well as the homogeneous age and genetic 696 
background of cultivated plants relative to those in the wild, although we cannot exclude some 697 
effects of environmental factors or maternal environment. In other work, nectar traits such as 698 
volume and sugar composition had high heritability, but were generally measured in greenhouse 699 
rather than field settings (Mitchell 2004). Genetic control over non-sugar nectar constituents has 700 
not been explicitly addressed except with transformed plant lines (Kessler and Baldwin 2007), 701 
and no other study to our knowledge has examined intraspecific variation in pollen composition. 702 
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Inter-cultivar variation in chemistry suggests a need for future study on how cultivars vary in 703 
attractiveness to managed and wild pollinator communities, particularly in species where yields 704 
are pollen-limited (Garibaldi et al. 2013). In addition, cultivar differences illustrate how 705 
pleiotropic effects of selection on non-floral traits can alter nectar and pollen chemistry, which 706 
may complicate theories of floral phytochemical evolution in wild species.  707 
We found less consistent, but still statistically significant, variation across sites in 708 
chemistry of wild species. These differences may reflect genetic or environmental effects, or 709 
their interactions. Genetic differences across populations likely explain some differences 710 
(Mitchell 2004). For example, deterministic effects of genetics on floral traits are demonstrated 711 
by the within-species consistency of floral morphology (Heinrich 1975), the low inducibility of 712 
floral chemical defenses relative to those of other tissues (Zangerl and Rutledge 1996), and the 713 
qualitative consistency of conspecific nectar amino acid samples from widely separated sites 714 
(Baker and Baker 1977). However, the environment can also have profound effects on floral 715 
traits. These include scent emission (Dötterl et al. 2009, Kessler et al. 2011), floral color morph 716 
(Baker and Baker 1977), diurnal rhythm of flowering (Kessler et al. 2010), and pollinator 717 
attraction (Kessler et al. 2011). Nectar traits can also be influenced by the environment. For 718 
example, nectar grayanotoxin concentrations were correlated with heat load across 719 
Rhododendron populations (Egan et al. 2016), and nectar alkaloid levels were experimentally 720 
modified by herbivory and nutrient addition (Adler et al. 2006). Each of these studies 721 
demonstrates ways in which the environment can influence floral chemistry. Finally, genotype 722 
by environment interactions have been found for nectar production rates (Boose 1997), and could 723 
exist for nectar and pollen chemistry as well. Future experiments using plant genotypes grown 724 
under different conditions could clarify the relative importance of genetics and environment to 725 
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nectar and pollen chemistry. Additional experiments could test the inducibility of secondary 726 
chemical concentrations in response to environmental cues including fertilization, herbivory, and 727 
pathogen challenge.  728 
Chemical differences between sites have implications for both pollinator behavior and 729 
plant evolution. Site-specific chemistry could alter pollinator foraging preferences, potentially 730 
shaping inter- and intraspecific resource competition, nest site selection, and population 731 
dynamics. Individual bumble bees, in particular, have a broad foraging range but consistent site- 732 
and plant-specific preferences that are retained over multiple weeks (Heinrich 1976, Ohashi and 733 
Thomson 2009). For plants, optimal chemistry of floral rewards may differ in response to abiotic 734 
conditions; pollinator availability, effectiveness, and chemical sensitivity (Tiedeken et al. 2014); 735 
and presence of non-pollinating insects and pathogens. Local selective pressures that act on pre-736 
existing variation could create chemical divergence across populations, as found in 737 
Rhododendron ponticum (Egan et al. 2016), which could in turn shape flower-insect interaction 738 
networks (Tiedeken et al. 2016). A related question is the scale at which pollinators make 739 
foraging decisions. Nectar phytochemical concentrations can influence local interactions (Adler 740 
and Irwin 2005, Kessler and Baldwin 2007), but can also vary by orders of magnitude among 741 
flowers of a single inflorescence (Kessler et al. 2012). It is unknown whether pollinators can 742 
detect inter-site differences against this background of within- and between-individual variation. 743 
If they can, differences in chemical concentrations could be one driver of preferences for plant 744 
species and foraging sites.  745 
Phenotypic integration  746 
Our results indicate that nectar (mean integration index = 21.5) and pollen (mean 21.3) 747 
have levels of integration that are similar to those of leaf volatiles (mean 22.0) , which were 748 
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more integrated than flower volatiles (mean 10.8 (Junker et al. 2017)) and flower methanolic 749 
extracts (mean 9.9 (this study)). The generally low levels of integration in flowers may reflect 750 
several factors. First, flowers are physiologically complex, including include petals, corolla, 751 
stigma, and anthers that differ in chemical composition (Flamini et al. 2002). This heterogeneity 752 
may reduce the chemical integration of the pooled floral tissue. Second, flowers undergo rapid 753 
chemical changes during maturation, bloom, and senescence that result in different chemical 754 
ratios in samples that differ slightly in developmental stage (Schiestl et al. 1997). Third, flowers 755 
may accomplish ecological functions with single compounds, which may lessen the need for 756 
integration of the whole flower. For example, variation in the floral volatile 2-phenylethanol was 757 
sufficient to alter both pollinator attraction and ant repellence in Polemonium viscosum (Galen et 758 
al. 2011). Likewise, a single compound—the monoterpenoid linalool—was sufficient to alter 759 
growth of some bacteria from P. digitalis flowers (Burdon et al. 2018).  760 
In our study, correlations between different compounds were partly explained by 761 
biosynthetic similarity. Overall, concentrations of compound pairs that belonged to the same 762 
chemical class were more strongly correlated than were pairs that belonged to different chemical 763 
classes (Fig. S6). For example, in Malus domestica nectar, the seven strongest correlations were 764 
all between pairs of flavonoids or a flavonoid and chlorogenic acid (Fig. S3). All of these 765 
compounds are synthesized via the phenylpropanoid pathway (Rice-Evans et al. 1996). Similarly, 766 
in Digitalis purpurea pollen, 9 of the 10 strongest correlations were between spermidine 767 
derivatives (Fig.’s S4, S5). These findings are consistent with prior analyses of phenotypic 768 
integration in scent bouquets, where biosynthetic similarity between compounds was correlated 769 
with strength of covariation (Junker et al. 2017).   770 
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On the other hand, both Malus and Digitalis (Fig.’s S3-S5), as well as the entire dataset 771 
(Fig. S6), showed numerous strong correlations between compounds from different classes. 772 
These correlations could reflect similar solubilities or transport (in nectar), or selection for 773 
specific chemical ratios or combinations that function in pollinator attraction, defense, or 774 
development. Multimodal signals that combine scents with color can attract and condition 775 
pollinators to rewards (Junker and Parachnowitsch 2015). For example, carbon dioxide, floral 776 
volatiles, and leaf volatiles all functioned in concert with visual cues to attract adult Manduca 777 
sexta to artificial flowers; in females, carbon dioxide was only attractive against a background of 778 
host-plant leaf volatiles (Goyret et al. 2008). In nectar, which exhibited the highest within-779 
module integration (Fig. 11) and strongest average correlation between compound pairs (Fig. S6), 780 
consistent secondary chemical ratios could promote pollinator constancy by allowing pollinators 781 
to associate species-specific flavors with food rewards. This hypothesis has also been suggested 782 
to explain the consistency of amino acid composition of conspecific nectars (Baker and Baker 783 
1977) and the morphological similarity of conspecific flowers (Heinrich 1975). Further research 784 
is needed to determine the primary and secondary significance of correlations between secondary 785 
compounds in nectar and pollen, and how covariation is differentially regulated in the two tissue 786 
types. Manipulative studies are necessary to determine whether damage by herbivores reduces 787 
the level of integration in nectar and pollen, as found for leaf volatiles (Junker et al. 2017).    788 
There was no significant correlation between the integration of a species' nectar and the 789 
integration of its pollen. This is an important result, because it indicates that forces acting on 790 
phenotypic integration of nectar may be different from those acting on phenotypic integration of 791 
pollen, and that integration of these two tissues may be independently regulated. For example, 792 
Malus domestica had the second highest integration of all species for nectar (PI = 49.4), but the 793 
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ninth lowest integration for pollen (PI = 12.7). Likewise, Catalpa speciosa had second highest 794 
integration for pollen (47.3), but below average integration for nectar (10.0). Together with the 795 
low levels of chemical overlap between nectar and pollen, this finding emphasizes that secondary 796 
chemistry of conspecific nectar and pollen can chemically diverge from one another. This 797 
divergence may reflect the unique selective pressures exerted on their different ecological roles.  798 
This description of nectar and pollen secondary chemistry complements an expanding 799 
knowledge of scent- and morphology-mediated interactions between flowers, insects, and 800 
microbes (Junker and Blüthgen 2010, Junker et al. 2011a, Junker and Parachnowitsch 2015). 801 
Nectar and pollen secondary chemistry mediates interaction with pollinators, floral antagonists, 802 
and pathogens, and thereby influences the ecology and evolution of many plant communities. 803 
Our analyses summarize the variety of chemical strategies used in floral food rewards of diverse 804 
plant taxa. 805 
 806 
Acknowledgements 807 
Thanks to field assistants J. Giacomini, A. Hogeboom, K. Staple, K. Brevik, P. Anderson, 808 
L. Telliard, and O. Biller for field sampling; and to D. Farman (University of Greenwich), A. 809 
Brankin, and E. Knight for chemical analyses. This research was funded by the National Science 810 
Foundation (NSF: nsf.gov) (NSF DEB-1258096 to LSA and PCS, and NSF DEB-811 
1256817/1638866 to REI), by the United States Department of Agriculture (USDA: usda.gov) 812 
(Cooperative State Research, Education, and Extension Service (CSREES) National Research 813 
Initiative (NRI) Arthropod and Nematode Biology and Management Program of the Grant 814 
USDA-AFRI 2013-02536 to LSA, REI and PCS; and Agricultural and Food Research Initiative 815 
(AFRI) Food, Agriculture, Natural Resources and Human Sciences Education and Literacy 816 
Page 36 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 37 
Initiative (ELI) Predoctoral Fellowship Award Number: 2016-67011-24698 to ECPY). The 817 
funders had no role in study design, data collection and analysis, decision to publish, or 818 
preparation of the manuscript. The authors are grateful to two anonymous reviewers for their 819 
helpful comments, which improved the manuscript.  820 
Author contributions: LSA, REI, and PCS conceived the study. LSA and NJM directed 821 
collection of the samples; REI lyophilized all of the samples. IWF analyzed the samples with 822 
oversight from PCS. ECPY, IWF, and RRJ analyzed the data. ECPY wrote the manuscript. All 823 
authors revised the manuscript and agreed to its submission.  824 
  825 
Page 37 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 38 
Literature Cited 826 
Abel, C., M. Clauss, A. Schaub, J. Gershenzon, and D. Tholl. 2009. Floral and insect-induced 827 
volatile formation in Arabidopsis lyrata  ssp. petraea, a perennial, outcrossing relative of 828 
A. thaliana. Planta 230:1–11. 829 
Adler, L. S. 2000. The ecological significance of toxic nectar. Oikos 91:409–420. 830 
Adler, L. S., and R. E. Irwin. 2005. Ecological Costs and Benefits of Defenses in Nectar. 831 
Ecology 86:2968–2978. 832 
Adler, L. S., and R. E. Irwin. 2012. Nectar alkaloids decrease pollination and female 833 
reproduction in a native plant. Oecologia 168:1033–41. 834 
Adler, L. S., M. G. Seifert, M. Wink, and G. E. Morse. 2012. Reliance on pollinators predicts 835 
defensive chemistry across tobacco species. Ecology Letters 15:1140–1148. 836 
Adler, L. S., M. Wink, M. Distl, and A. J. Lentz. 2006. Leaf herbivory and nutrients increase 837 
nectar alkaloids. Ecology Letters 9:960–967. 838 
Agati, G., and M. Tattini. 2010. Multiple functional roles of flavonoids in photoprotection. New 839 
Phytologist 186:786–793. 840 
Agrawal, A. A., A. Janssen, J. Bruin, M. A. Posthumus, and M. W. Sabelis. 2002. An ecological 841 
cost of plant defence: attractiveness of bitter cucumber plants to natural enemies of 842 
herbivores. Ecology Letters 5:377–385. 843 
Page 38 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 39 
Antoń, S., and M. Kamińska. 2015. Comparative floral spur anatomy and nectar secretion in four 844 
representatives of Ranunculaceae. Protoplasma 252:1587–1601. 845 
Arnold, S. E. J., M. E. P. Idrovo, L. J. L. Arias, S. R. Belmain, and P. C. Stevenson. 2014. 846 
Herbivore defence compounds occur in pollen and reduce bumblebee colony fitness. 847 
Journal of Chemical Ecology 40:878–881. 848 
Baker, H., and I. Baker. 1977. Intraspecific constancy of floral nectar amino acid complements. 849 
Botanical Gazette 138:183–191. 850 
Baker, H. G. 1977. Non-sugar chemical constituents of nectar. Apidologie 8:349–356. 851 
Baldwin, I. T., and P. Callahan. 1993. Autotoxicity and chemical defense: nicotine accumulation 852 
and carbon gain in solanaceous plants. Oecologia 94:534–541. 853 
Baracchi, D., A. Marples, A. J. Jenkins, A. R. Leitch, and L. Chittka. 2017. Nicotine in floral 854 
nectar pharmacologically influences bumblebee learning of floral features. Scientific 855 
Reports 7. 856 
Barlow, S. E., G. A. Wright, C. Ma, M. Barberis, I. W. Farrell, E. C. Marr, A. Brankin, B. M. 857 
Pavlik, and P. C. Stevenson. 2017. Distasteful Nectar Deters Floral Robbery. Current 858 
Biology 27:2552-2558.e3. 859 
Bassard, J.-E., P. Ullmann, F. Bernier, and D. Werck-Reichhart. 2010. Phenolamides: Bridging 860 
polyamines to the phenolic metabolism. Phytochemistry 71:1808–1824. 861 
Page 39 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 40 
Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. R package {lme4}: Linear mixed-862 
effects models using {Eigen} and {S4}. 863 
Blackmore, S., A. H. Wortley, J. J. Skvarla, and J. R. Rowley. 2007. Pollen wall development in 864 
flowering plants. New Phytologist 174:483–498. 865 
Blomberg, S. P., T. Garland, A. R. Ives, and B. Crespi. 2003. Testing for phylogenetic signal in 866 
comparative data: behavioral traits are more labile. Evolution 57:717–745. 867 
Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H. H. Stevens, and J.-868 
S. S. White. 2009. Generalized linear mixed models: a practical guide for ecology and 869 
evolution. Trends in Ecology & Evolution 24:127–135. 870 
Boose, D. L. 1997. Sources of variation in floral nectar production rate in Epilobium canum 871 
(Onagraceae): implications for natural selection. Oecologia 110:493–500. 872 
Breiman, L. 2001. Random Forests. Machine Learning 45:5–32. 873 
Bruce, T. J. A., and J. A. Pickett. 2011. Perception of plant volatile blends by herbivorous insects 874 
- Finding the right mix. Phytochemistry 72:1605–1611. 875 
Burdon, R. C. F., R. R. Junker, D. G. Scofield, and A. L. Parachnowitsch. 2018. Bacteria 876 
colonising <Emphasis Type="Italic">Penstemon digitalis</Emphasis> show volatile and 877 
tissue-specific responses to a natural concentration range of the floral volatile linalool. 878 
Chemoecology 28:11–19. 879 
Page 40 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 41 
Cook, D., J. S. Manson, D. R. Gardner, K. D. Welch, and R. E. Irwin. 2013. Norditerpene 880 
alkaloid concentrations in tissues and floral rewards of larkspurs and impacts on 881 
pollinators. Biochemical Systematics and Ecology 48:123–131. 882 
Cook, S. M., J.-C. Sandoz, A. P. Martin, D. A. Murray, G. M. Poppy, and I. H. Williams. 2005. 883 
Could learning of pollen odours by honey bees (Apis mellifera) play a role in their 884 
foraging behaviour? Physiological Entomology 30:164–174. 885 
Courtois, E. A., K. G. Dexter, C. E. T. Paine, D. Stien, J. Engel, C. Baraloto, and J. Chave. 2016. 886 
Evolutionary patterns of volatile terpene emissions across 202 tropical tree species. 887 
Ecology and Evolution 6:2854–2864. 888 
Couvillon, M. J., H. Al Toufailia, T. M. Butterfield, F. Schrell, F. L. W. Ratnieks, and R. 889 
Schürch. 2015. Caffeinated Forage Tricks Honeybees into Increasing Foraging and 890 
Recruitment Behaviors. Current Biology 25:2815–2818. 891 
Cushnie, T. P. T., and A. J. Lamb. 2005. Antimicrobial activity of flavonoids. International 892 
Journal of Antimicrobial Agents 26:343–356. 893 
Delaplane, K. S., D. R. Mayer, and D. F. Mayer. 2000. Crop Pollination by Bees. CABI. 894 
De-Melo, A. A. M., and L. B. de Almeida-Muradian. 2017. Chemical Composition of Bee Pollen. 895 
Pages 221–259 Bee Products - Chemical and Biological Properties. Springer, Cham. 896 
Detzel, A., and M. Wink. 1993. Attraction, deterrence or intoxication of bees (Apis mellifera) by 897 
plant allelochemicals. Chemoecology 4:8–18. 898 
Page 41 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 42 
Dobson, H. E. M. 1988. Survey of pollen and pollenkitt lipids—chemical cues to flower visitors? 899 
American Journal of Botany 75:170–182. 900 
Dobson, H. E. M., and G. Bergstrom. 2000. The ecology and evolution of pollen odors. Plant 901 
Systematics and Evolution 222:63–87. 902 
Dötterl, S., A. Jürgens, L. Wolfe, and A. Biere. 2009. Disease Status and Population Origin 903 
Effects on Floral Scent: Potential Consequences for Oviposition and Fruit Predation in A 904 
Complex Interaction Between A Plant, Fungus, and Noctuid Moth. Journal of Chemical 905 
Ecology 35:307–319. 906 
Dübecke, A., G. Beckh, and C. Lüllmann. 2011. Pyrrolizidine alkaloids in honey and bee pollen. 907 
Food Additives & Contaminants: Part A 28:348–358. 908 
Egan, P. A., P. C. Stevenson, E. J. Tiedeken, G. A. Wright, F. Boylan, and J. C. Stout. 2016. 909 
Plant toxin levels in nectar vary spatially across native and introduced populations. 910 
Journal of Ecology 104:1106–1115. 911 
Flamini, G., P. L. Cioni, and I. Morelli. 2002. Differences in the fragrances of pollen and 912 
different floral parts of male and female flowers of Laurus nobilis. Journal of 913 
Agricultural and Food Chemistry 50:4647–4652. 914 
Flamini, G., P. L. Cioni, and I. Morelli. 2003. Use of solid-phase micro-extraction as a sampling 915 
technique in the determination of volatiles emitted by flowers, isolated flower parts and 916 
pollen. Journal of Chromatography A 998:229–233. 917 
Page 42 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 43 
Friedman, R., N. Levin, and A. Altman. 1986. Presence and Identification of Polyamines in 918 
Xylem and Phloem Exudates of Plants. Plant Physiology 82:1154–1157. 919 
Galen, C., R. Kaczorowski, S. L. Todd, J. Geib, and R. A. Raguso. 2011. Dosage-Dependent 920 
Impacts of a Floral Volatile Compound on Pollinators, Larcenists, and the Potential for 921 
Floral Evolution in the Alpine Skypilot Polemonium viscosum. The American Naturalist 922 
177:258–272. 923 
Garibaldi, L. A., I. Steffan-Dewenter, R. Winfree, M. A. Aizen, R. Bommarco, S. A. 924 
Cunningham, C. Kremen, L. G. Carvalheiro, L. D. Harder, O. Afik, I. Bartomeus, F. 925 
Benjamin, V. Boreux, D. Cariveau, N. P. Chacoff, J. H. Dudenhöffer, B. M. Freitas, J. 926 
Ghazoul, S. Greenleaf, J. Hipólito, A. Holzschuh, B. Howlett, R. Isaacs, S. K. Javorek, C. 927 
M. Kennedy, K. M. Krewenka, S. Krishnan, Y. Mandelik, M. M. Mayfield, I. Motzke, T. 928 
Munyuli, B. A. Nault, M. Otieno, J. Petersen, G. Pisanty, S. G. Potts, R. Rader, T. H. 929 
Ricketts, M. Rundlöf, C. L. Seymour, C. Schüepp, H. Szentgyörgyi, H. Taki, T. 930 
Tscharntke, C. H. Vergara, B. F. Viana, T. C. Wanger, C. Westphal, N. Williams, and A. 931 
M. Klein. 2013. Wild Pollinators Enhance Fruit Set of Crops Regardless of Honey Bee 932 
Abundance. Science 339:1608–1611. 933 
Gill, S. S., and N. Tuteja. 2010. Polyamines and abiotic stress tolerance in plants. Plant Signaling 934 
& Behavior 5:26–33. 935 
Good, A. P., M.-P. L. Gauthier, R. L. Vannette, and T. Fukami. 2014. Honey Bees Avoid Nectar 936 
Colonized by Three Bacterial Species, But Not by a Yeast Species, Isolated from the Bee 937 
Gut. PLOS ONE 9:e86494. 938 
Page 43 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 44 
Goyret, J., P. M. Markwell, and R. A. Raguso. 2008. Context- and scale-dependent effects of 939 
floral CO2 on nectar foraging by Manduca sexta. Proceedings of the National Academy 940 
of Sciences 105:4565–4570. 941 
Grienenberger, E., S. Besseau, P. Geoffroy, D. Debayle, D. Heintz, C. Lapierre, B. Pollet, T. 942 
Heitz, and M. Legrand. 2009. A BAHD acyltransferase is expressed in the tapetum of 943 
Arabidopsis anthers and is involved in the synthesis of hydroxycinnamoyl spermidines. 944 
The Plant Journal 58:246–259. 945 
Hagler, J. R., and S. L. Buchmann. 1993. Honey bee (Hymenoptera: Apidae) foraging responses 946 
to phenolic-rich nectars. Journal of the Kansas Entomological Society 66:230, 223. 947 
Hagler, J. R., A. C. Cohen, and G. M. Loper. 1990. Production and Composition of Onion Nectar 948 
and Honey Bee (Hymenoptera: Apidae) Foraging Activity in Arizona. Environmental 949 
Entomology 19:327–331. 950 
Hargreaves, A. L., L. D. Harder, and S. D. Johnson. 2009. Consumptive emasculation: the 951 
ecological and evolutionary consequences of pollen theft. Biological Reviews 84:259–952 
276. 953 
Hebets, E. A., and D. R. Papaj. 2005. Complex signal function: developing a framework of 954 
testable hypotheses. Behavioral Ecology and Sociobiology 57:197–214. 955 
Heil, M. 2011. Nectar: generation, regulation and ecological functions. Trends in Plant Science 956 
16:191–200. 957 
Page 44 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 45 
Heinrich, B. 1975. Bee Flowers: A Hypothesis on Flower Variety and Blooming Times. 958 
Evolution 29:325–334. 959 
Heinrich, B. 1976. The foraging specializations of individual bumblebees. Ecological 960 
Monographs 46:105–128. 961 
Herrera, C. M., A. Canto, M. I. Pozo, and P. Bazaga. 2010. Inhospitable sweetness: nectar 962 
filtering of pollinator-borne inocula leads to impoverished, phylogenetically clustered 963 
yeast communities. Proceedings. Biological Sciences 277:747–754. 964 
Herrera, C. M., X. Cerdá, M. B. García, J. Guitián, M. Medrano, P. J. Rey, and A. M. Sánchez‐965 
Lafuente. 2002. Floral integration, phenotypic covariance structure and pollinator 966 
variation in bumblebee-pollinated Helleborus foetidus. Journal of Evolutionary Biology 967 
15:108–121. 968 
Heslop-Harrison, J. 1979. An Interpretation of the Hydrodynamics of Pollen. American Journal 969 
of Botany 66:737–743. 970 
Hesse, M. 2002. Alkaloids: Nature’s Curse Or Blessing? John Wiley & Sons. 971 
Huang, M., A. M. Sanchez‐Moreiras, C. Abel, R. Sohrabi, S. Lee, J. Gershenzon, and D. Tholl. 972 
2012. The major volatile organic compound emitted from Arabidopsis thaliana flowers, 973 
the sesquiterpene (E)‐β‐caryophyllene, is a defense against a bacterial pathogen. New 974 
Phytologist 193:997–1008. 975 
Page 45 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 46 
Irwin, R. E., J. L. Bronstein, J. S. Manson, and L. Richardson. 2010. Nectar Robbing: Ecological 976 
and Evolutionary Perspectives. Annual Review of Ecology, Evolution, and Systematics 977 
41:271–292. 978 
Junker, R. R., and N. Blüthgen. 2010. Floral scents repel facultative flower visitors, but attract 979 
obligate ones. Annals of Botany 105:777–782. 980 
Junker, R. R., C. C. Daehler, S. Dötterl, A. Keller, and N. Blüthgen. 2011a. Hawaiian ant–flower 981 
networks: nectar-thieving ants prefer undefended native over introduced plants with floral 982 
defenses. Ecological Monographs 81:295–311. 983 
Junker, R. R., J. Gershenzon, and S. B. Unsicker. 2011b. Floral Odor Bouquet Loses its Ant 984 
Repellent Properties After Inhibition of Terpene Biosynthesis. Journal of Chemical 985 
Ecology 37:1323–1331. 986 
Junker, R. R., and A. Keller. 2015. Microhabitat heterogeneity across leaves and flower organs 987 
promotes bacterial diversity. FEMS Microbiology Ecology 91:fiv097. 988 
Junker, R. R., J. Kuppler, L. Amo, J. D. Blande, R. M. Borges, N. M. van Dam, M. Dicke, S. 989 
Dötterl, B. K. Ehlers, F. Etl, J. Gershenzon, R. Glinwood, R. Gols, A. T. Groot, M. Heil, 990 
M. Hoffmeister, J. K. Holopainen, S. Jarau, L. John, A. Kessler, J. T. Knudsen, C. Kost, 991 
A.-A. C. Larue-Kontic, S. D. Leonhardt, D. Lucas-Barbosa, C. J. Majetic, F. Menzel, A. 992 
L. Parachnowitsch, R. S. Pasquet, E. H. Poelman, R. A. Raguso, J. Ruther, F. P. Schiestl, 993 
T. Schmitt, D. Tholl, S. B. Unsicker, N. Verhulst, M. E. Visser, B. T. Weldegergis, and T. 994 
G. Köllner. 2017. Covariation and phenotypic integration in chemical communication 995 
Page 46 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 47 
displays: biosynthetic constraints and eco-evolutionary implications. New 996 
Phytologist:n/a-n/a. 997 
Junker, R. R., J. Kuppler, A. C. Bathke, M. L. Schreyer, and W. Trutschnig. 2016. Dynamic 998 
range boxes – a robust nonparametric approach to quantify size and overlap of n-999 
dimensional hypervolumes. Methods in Ecology and Evolution 7:1503–1513. 1000 
Junker, R. R., and A.-A. C. Larue-Kontić. 2018. Elevation predicts the functional composition of 1001 
alpine plant communities based on vegetative traits, but not based on floral traits. Alpine 1002 
Botany 128:13–22. 1003 
Junker, R. R., and A. L. Parachnowitsch. 2015. Working Towards a Holistic View on Flower 1004 
Traits— How Floral Scents Mediate Plant–Animal Interactions in Concert with Other 1005 
Floral Characters. Journal of the Indian Institute of Science 95:43–68. 1006 
Junker, R. R., and D. Tholl. 2013. Volatile organic compound mediated interactions at the plant-1007 
microbe interface. Journal of Chemical Ecology 39:810–825. 1008 
Karpinski, S., H. Gabrys, A. Mateo, B. Karpinska, and P. M. Mullineaux. 2003. Light perception 1009 
in plant disease defence signalling. Current Opinion in Plant Biology 6:390–396. 1010 
Kaur, H., N. Heinzel, M. Schöttner, I. T. Baldwin, and I. Gális. 2010. R2R3-NaMYB8 Regulates 1011 
the Accumulation of Phenylpropanoid-Polyamine Conjugates, Which Are Essential for 1012 
Local and Systemic Defense against Insect Herbivores in Nicotiana attenuata. Plant 1013 
Physiology 152:1731–1747. 1014 
Page 47 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 48 
Kessler, A., and R. Halitschke. 2009. Testing the potential for conflicting selection on floral 1015 
chemical traits by pollinators and herbivores: predictions and case study. Functional 1016 
Ecology 23:901–912. 1017 
Kessler, A., R. Halitschke, and K. Poveda. 2011. Herbivory-mediated pollinator limitation: 1018 
negative impacts of induced volatiles on plant–pollinator interactions. Ecology 92:1769–1019 
1780. 1020 
Kessler, D., and I. T. Baldwin. 2007. Making sense of nectar scents: the effects of nectar 1021 
secondary metabolites on floral visitors of Nicotiana attenuata. The Plant Journal 1022 
49:840–54. 1023 
Kessler, D., S. Bhattacharya, C. Diezel, E. Rothe, K. Gase, M. Schöttner, and I. T. Baldwin. 1024 
2012. Unpredictability of nectar nicotine promotes outcrossing by hummingbirds in 1025 
Nicotiana attenuata. The Plant Journal 71:529–538. 1026 
Kessler, D., C. Diezel, and I. T. Baldwin. 2010. Changing Pollinators as a Means of Escaping 1027 
Herbivores. Current Biology 20:237–242. 1028 
Kessler, D., K. Gase, and I. T. Baldwin. 2008. Field experiments with transformed plants reveal 1029 
the sense of floral scents. Science 321:1200–1202. 1030 
Kramida, A., Y. Ralchenko, and J. Reader. 2013. NIST atomic spectra database (ver. 5.2). 1031 
National Institute of Standards and Technology, Gaithersburg, MD. 1032 
Page 48 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 49 
Kuppler, J., M. K. Höfers, W. Trutschnig, A. C. Bathke, J. A. Eiben, C. C. Daehler, and R. R. 1033 
Junker. 2017. Exotic flower visitors exploit large floral trait spaces resulting in 1034 
asymmetric resource partitioning with native visitors. Functional Ecology:n/a-n/a. 1035 
Lenth, R. V. 2016. Least-squares means: the R package lsmeans. Journal of Statistical Software 1036 
69:1–33. 1037 
Liaw, A., and M. Wiener. 2002. Classification and Regression by randomForest. R News 2:18–1038 
22. 1039 
Lin, I. W., D. Sosso, L.-Q. Chen, K. Gase, S.-G. Kim, D. Kessler, P. M. Klinkenberg, M. K. 1040 
Gorder, B.-H. Hou, X.-Q. Qu, C. J. Carter, I. T. Baldwin, and W. B. Frommer. 2014. 1041 
Nectar secretion requires sucrose phosphate synthases and the sugar transporter SWEET9. 1042 
Nature 508:546–549. 1043 
Maechler, M., P. Rousseeuw, A. Struyf, M. Hubert, and K. Hornik. 2005. Cluster analysis basics 1044 
and extensions. R package. URL http://www. R-project. org. 1045 
Manson, J. S., S. Rasmann, R. Halitschke, J. D. Thomson, and A. A. Agrawal. 2012. 1046 
Cardenolides in nectar may be more than a consequence of allocation to other plant parts: 1047 
a phylogenetic study of Asclepias. Functional Ecology 26:1100–1110. 1048 
Marlin, D., S. W. Nicolson, A. A. Yusuf, P. C. Stevenson, H. M. Heyman, and K. Krüger. 2014. 1049 
The only African wild tobacco, Nicotiana africana: alkaloid content and the effect of 1050 
herbivory. PloS One 9:e102661. 1051 
Page 49 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 50 
McArt, S. H., H. Koch, R. E. Irwin, and L. S. Adler. 2014. Arranging the bouquet of disease: 1052 
Floral traits and the transmission of plant and animal pathogens. Ecology Letters 17:624–1053 
636. 1054 
Mitchell, R. J. 2004. Heritability of Nectar Traits: Why Do We Know so Little? Ecology 1055 
85:1527–1533. 1056 
Mo, Y., C. Nagel, and L. P. Taylor. 1992. Biochemical complementation of chalcone synthase 1057 
mutants defines a role for flavonols in functional pollen. Proceedings of the National 1058 
Academy of Sciences 89:7213–7217. 1059 
Morton, J. T., J. Sanders, R. A. Quinn, D. McDonald, A. Gonzalez, Y. Vázquez-Baeza, J. A. 1060 
Navas-Molina, S. J. Song, J. L. Metcalf, E. R. Hyde, M. Lladser, P. C. Dorrestein, and R. 1061 
Knight. 2017. Balance Trees Reveal Microbial Niche Differentiation. mSystems 1062 
2:e00162-16. 1063 
Murphy, S. D. 2000. Field Testing for Pollen Allelopathy: A Review. Journal of Chemical 1064 
Ecology 26:2155–2172. 1065 
Nicolson, S. W., and R. W. Thornburg. 2007. Nectar chemistry. Pages 215–264 in S. W. 1066 
Nicolson, M. Nepi, and E. Pacini, editors. Nectaries and Nectar. Springer Netherlands. 1067 
Ohashi, K., and J. D. Thomson. 2009. Trapline foraging by pollinators: its ontogeny, economics 1068 
and possible consequences for plants. Annals of Botany 103:1365–1378. 1069 
Page 50 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 51 
Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, R. 1070 
B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and H. Wagner. 1071 
2017. vegan: Community Ecology Package. 1072 
Pacini, E., M. Guarnieri, and M. Nepi. 2006. Pollen carbohydrates and water content during 1073 
development, presentation, and dispersal: a short review. Protoplasma 228:73. 1074 
Pacini, E., and M. Hesse. 2005. Pollenkitt – its composition, forms and functions. Flora - 1075 
Morphology, Distribution, Functional Ecology of Plants 200:399–415. 1076 
Palmer-Young, E. C., B. M. Sadd, P. C. Stevenson, R. E. Irwin, and L. S. Adler. 2016. Bumble 1077 
bee parasite strains vary in resistance to phytochemicals. Scientific Reports 6:37087. 1078 
Pearse, W. D., M. W. Cadotte, J. Cavender-Bares, A. R. Ives, C. M. Tucker, S. C. Walker, and M. 1079 
R. Helmus. 2015. pez: phylogenetics for the environmental sciences. Bioinformatics 1080 
31:2888–2890. 1081 
Pigliucci, M. 2003. Phenotypic integration: studying the ecology and evolution of complex 1082 
phenotypes. Ecology Letters 6:265–272. 1083 
R Core Team. 2014. R: A language and environment for statistical computing. R Foundation for 1084 
Statistical Computing, Vienna, Austria. 1085 
Raguso, R. A. 2004. Why Are Some Floral Nectars Scented? Ecology 85:1486–1494. 1086 
Revell, L. J. 2012. phytools: an R package for phylogenetic comparative biology (and other 1087 
things). Methods in Ecology and Evolution 3:217–223. 1088 
Page 51 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 52 
Rice-Evans, C. A., N. J. Miller, and G. Paganga. 1996. Structure-antioxidant activity 1089 
relationships of flavonoids and phenolic acids. Free Radical Biology and Medicine 1090 
20:933–956. 1091 
Richardson, L. L., M. D. Bowers, and R. E. Irwin. 2016. Nectar chemistry mediates the behavior 1092 
of parasitized bees: consequences for plant fitness. Ecology 97:325–337. 1093 
Schiestl, F. P., M. Ayasse, H. F. Paulus, D. Erdmann, and W. Francke. 1997. Variation of Floral 1094 
Scent Emission and Postpollination Changes in Individual Flowers of <Emphasis 1095 
Type="Italic">Ophrys sphegodes</Emphasis> Subsp. <Emphasis 1096 
Type="Italic">sphegodes</Emphasis>. Journal of Chemical Ecology 23:2881–2895. 1097 
Schoper, J. B., R. J. Lambert, and B. L. Vasilas. 1986. Maize Pollen Viability and Ear 1098 
Receptivity under Water and High Temperature Stress. Crop Science 26:1029–1033. 1099 
Shah, M., F. M. Teixeira, E. L. Soares, A. A. Soares, P. C. Carvalho, G. B. Domont, R. W. 1100 
Thornburg, F. C. S. Nogueira, and F. A. P. Campos. 2016. Time-course proteome 1101 
analysis of developing extrafloral nectaries of Ricinus communis. PROTEOMICS 1102 
16:629–633. 1103 
Singaravelan, N., G. Nee’man, M. Inbar, and I. Izhaki. 2005. Feeding responses of free-flying 1104 
honeybees to secondary compounds mimicking floral nectars. Journal of Chemical 1105 
Ecology 31:2791–2804. 1106 
Stephenson, A. G. 1982. Iridoid glycosides in the nectar of Catalpa speciosa are unpalatable to 1107 
nectar thieves. Journal of Chemical Ecology 8:1025–1034. 1108 
Page 52 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 53 
Stevenson, P. C., S. W. Nicolson, and G. A. Wright. 2017. Plant secondary metabolites in nectar: 1109 
impacts on pollinators and ecological functions. Functional Ecology 31:65–75. 1110 
Strauss, S. Y., and J. B. Whittall. 2006. Non-pollinator agents of selection on floral traits. Pages 1111 
120–138 Ecology and evolution of flowers. Oxford University Press, Oxford. 1112 
Taylor, L. P., and E. Grotewold. 2005. Flavonoids as developmental regulators. Current Opinion 1113 
in Plant Biology 8:317–323. 1114 
Thomson, J. D., M. Draguleasa, and M. G. Tan. 2015. Flowers with caffeinated nectar receive 1115 
more pollination. Arthropod-Plant Interactions 9:1–7. 1116 
Thorp, R. W., D. L. Briggs, J. R. Estes, and E. H. Erickson. 1975. Nectar Fluorescence under 1117 
Ultraviolet Irradiation. Science 189:476–478. 1118 
Tiedeken, E. J., P. A. Egan, P. C. Stevenson, G. A. Wright, M. J. F. Brown, E. F. Power, I. 1119 
Farrell, S. M. Matthews, and J. C. Stout. 2016. Nectar chemistry modulates the impact of 1120 
an invasive plant on native pollinators. Functional Ecology 30:885–893. 1121 
Tiedeken, E. J., J. C. Stout, P. C. Stevenson, and G. A. Wright. 2014. Bumblebees are not 1122 
deterred by ecologically relevant concentrations of nectar toxins. The Journal of 1123 
experimental biology 217:1620–5. 1124 
Tol, P. 2012. Colour Schemes. SRON Technical Note SRON/EPS/TN/09-002. 1125 
Treutter, D. 2005. Significance of Flavonoids in Plant Resistance and Enhancement of Their 1126 
Biosynthesis. Plant Biology 7:581–591. 1127 
Page 53 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 54 
Venables, W. N., and B. D. Ripley. 2002. Modern Applied Statistics with S. Springer, New York. 1128 
Vries, A. de, and B. D. Ripley. 2016. R package ggdendro: Create Dendrograms and Tree 1129 
Diagrams Using “ggplot2.” 1130 
Wagner, G. P. 1984. On the eigenvalue distribution of genetic and phenotypic dispersion 1131 
matrices: Evidence for a nonrandom organization of quantitative character variation. 1132 
Journal of Mathematical Biology 21:77–95. 1133 
Walters, D., B. Meurer-Grimes, and I. Rovira. 2001. Antifungal activity of three spermidine 1134 
conjugates. FEMS microbiology letters 201:255–258. 1135 
Wickham, H. 2009. ggplot2: elegant graphics for data analysis. Springer New York. 1136 
Wilke, C. O. 2016. cowplot: streamlined plot theme and plot annotations for “ggplot2.” CRAN 1137 
repository. 1138 
Wink, M. 1988. Plant breeding: importance of plant secondary metabolites for protection against 1139 
pathogens and herbivores. Theoretical and Applied Genetics 75:225–233. 1140 
Wink, M. 1993. Chapter 1 Allelochemical Properties or the Raison D’être of Alkaloids. The 1141 
Alkaloids: Chemistry and Pharmacology 43:1–118. 1142 
Wright, G., D. D. Baker, M. J. Palmer, D. Stabler, J. Mustard, E. F. Power, A. M. Borland, and P. 1143 
C. Stevenson. 2013. Caffeine in floral nectar enhances a pollinator’s memory of reward. 1144 
Science 339:1202–4. 1145 
Page 54 of 72Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 55 
Yonekura-Sakakibara, K., R. Nakabayashi, S. Sugawara, T. Tohge, T. Ito, M. Koyanagi, M. 1146 
Kitajima, H. Takayama, and K. Saito. 2014. A flavonoid 3-O-glucoside:2"-O-1147 
glucosyltransferase responsible for terminal modification of pollen-specific flavonols in 1148 
Arabidopsis thaliana. The Plant Journal: For Cell and Molecular Biology 79:769–782. 1149 
Zangerl, A. R., and C. E. Rutledge. 1996. The Probability of Attack and Patterns of Constitutive 1150 
and Induced Defense: A Test of Optimal Defense Theory. The American Naturalist 1151 
147:599–608. 1152 
Zanne, A. E., D. C. Tank, W. K. Cornwell, J. M. Eastman, S. A. Smith, R. G. FitzJohn, D. J. 1153 
McGlinn, B. C. O’Meara, A. T. Moles, P. B. Reich, D. L. Royer, D. E. Soltis, P. F. 1154 
Stevens, M. Westoby, I. J. Wright, L. Aarssen, R. I. Bertin, A. Calaminus, R. Govaerts, F. 1155 
Hemmings, M. R. Leishman, J. Oleksyn, P. S. Soltis, N. G. Swenson, L. Warman, and J. 1156 
M. Beaulieu. 2014. Three keys to the radiation of angiosperms into freezing 1157 
environments. 1158 
  1159 
Page 55 of 72 Ecological Monographs
Palmer-Young et al. Secondary chemistry of nectar and pollen Page 56 
Tables 1160 
Table 1. Most common compounds by tissue type.  1161 
Type Compound Presences 
Prevalence 
(%) 
A. Flower 
(9 spp)       
  Quercetin-O-glycoside 8 88.9 
  Chlorogenic acid 6 66.7 
  Kaempferol-O-glycoside 6 66.7 
  Tryptophan 5 55.6 
  Acylated sugar 4 44.4 
B. Nectar 
(26 spp)       
  Phenylalanine 24 92.3 
  Tryptophan 17 65.4 
  Quercetin-O-glycoside 9 34.6 
  Chlorogenic acid 6 23.1 
  Kaempferol-O-glycoside 5 19.2 
C. Pollen 
(28 spp)       
  Phenylalanine 27 100 
  Tryptophan 25 92.3 
  Kaempferol-O-glycoside 19 67.9 
  Quercetin-O-glycoside 14 50.0 
  Triscoumaroyl spermidine 11 39.3 
  1162 
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Table 2. Results of permutational MANOVA tests for intraspecific variation in chemistry across 1163 
cultivars and sites. Bold print indicates P < 0.05. N: number of samples. Df(n): numerator 1164 
degrees of freedom. Df(d): denominator degrees of freedom. 1165 
A. Cultivars                 
Species Type N Cultivars F Df(n) Df(d) P R
2
 
Helianthus annuus Flower 40 4 2.44 3 36 0.023 0.17 
Malus domestica Flower 29 3 11.29 2 26 0.001 0.46 
Citrus sinensis Nectar 23 2 13.09 1 21 0.001 0.38 
Cucurbita pepo Nectar 45 3 1.77 2 42 0.062 0.08 
Digitalis purpurea Nectar 30 3 1.96 2 27 0.02 0.13 
Helianthus annuus Nectar 20 4 5.99 3 16 0.001 0.53 
Malus domestica Nectar 30 3 8.58 2 27 0.001 0.39 
Citrus sinensis Pollen 23 2 19.84 1 21 0.001 0.49 
Cucurbita pepo Pollen 32 3 1.77 2 29 0.138 0.11 
Digitalis purpurea Pollen 17 3 0.57 2 14 0.913 0.08 
Fragaria ananassa Pollen 30 3 7.78 2 27 0.001 0.37 
Helianthus annuus Pollen 30 3 0.91 2 27 0.406 0.06 
Malus domestica Pollen 30 3 13.93 2 27 0.001 0.51 
Persea americana Pollen 30 3 86.00 2 27 0.001 0.86 
Prunus dulcis Pollen 30 3 4.88 2 27 0.007 0.27 
                  
B. Sites                 
Species Type N Sites F Df(n) Df(d) P R
2
 
Geranium maculatum Flower 21 3 2.03 2 18 0.1 0.18 
Geranium maculatum Nectar 19 2 0.72 1 17 0.508 0.04 
Impatiens capensis Nectar 31 3 2.55 2 28 0.036 0.15 
Kalmia latifolia Nectar 20 3 4.16 2 17 0.004 0.33 
Linaria vulgaris Nectar 31 4 1.85 3 27 0.031 0.17 
Lythrum salicaria Nectar 33 3 0.96 2 30 0.444 0.06 
Verbascum thapsus Nectar 27 2 2.14 1 25 0.101 0.08 
Geranium maculatum Pollen 30 4 4.70 3 26 0.001 0.35 
Impatiens capensis Pollen 24 3 12.14 2 21 0.001 0.54 
Kalmia latifolia Pollen 15 3 2.97 2 12 0.033 0.33 
Linaria vulgaris Pollen 32 5 2.24 4 27 0.046 0.25 
Solanum carolinense Pollen 28 3 2.18 2 25 0.07 0.15 
Solidago canadensis Pollen 25 3 3.41 2 22 0.014 0.24 
Verbascum thapsus Pollen 29 2 2.70 1 27 0.091 0.09 
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Figure captions 1166 
Fig. 1. Prevalence of major compound classes in flowers (9 species), nectar (26 species), and 1167 
pollen (28 species). Alkaloids include all nitrogen-containing compounds except the amino acids, 1168 
including spermidine derivatives. Chlorogenic acids refer to all phenylpropenoid derivatives of 1169 
quinic acid. 1170 
Fig. 2. Chemical diversity in nectar, pollen, and floral samples. (a) Most compounds were found 1171 
in only a single species. Flower samples: solid yellow line. Nectar samples: dotted red line. 1172 
Pollen samples: dashed blue line. (b) Chemical species accumulation curves indicated that new 1173 
compounds were found for each additional species sampled. Neither nectar nor pollen 1174 
accumulation curves approached saturation. Lines and shaded bands show mean ± standard 1175 
deviation. (c) Within-species chemical species accumulation curves. All compounds within each 1176 
species were found after analysis of the first few samples for both nectar (solid red lines) and 1177 
pollen (dashed blue lines). 1178 
Fig. 3. Non-metric multidimensional scaling-based ordination of Bray-Curtis distances between 1179 
flower (circles), nectar (triangles), and pollen (squares) samples. Samples clustered strongly by 1180 
species and tissue type, with significant differences between tissue types (F2, 1482 = 65.9, P = 1181 
0.001).  Random forest discriminant analysis showed that 98.6% of samples could be assigned to 1182 
the correct species- tissue type combination. Ellipses show 95% confidence bands for flower 1183 
(solid line), nectar (dotted line), and pollen (dashed line). Colors indicate different species. 1184 
Ordination is based on proportional chemical composition. 1185 
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Fig. 4. Absolute ln (µM + 1) concentrations of all compound classes were 23.8- to 235-fold 1186 
lower in nectar (red circles) than in pollen (blue triangles). Vertical lines show median non-zero 1187 
concentrations in nectar (solid red line) and pollen (dashed blue line). Points and error bars show 1188 
means and 95% confidence intervals. Where no error bars are visible, either all concentrations 1189 
are zero or error bars are smaller than symbols for points. Concentrations are in µmol L
-1
 for 1190 
nectar and µmol kg
-1
 dry mass for pollen. Alkaloids include all nitrogen-containing compounds 1191 
except the amino acids, including spermidine derivatives. 1192 
Fig. 5. Median proportional compositions of flower, nectar, and pollen samples by chemical 1193 
class. Bar chart in (a) shows median proportions across all species (b). Tissue types differed 1194 
significantly in class-wise proportional composition (permutational MANOVA on median 1195 
proportional composition for each species and tissue type, F2,58 = 4.18, P = 0.001). Tissue type 1196 
explained 12.5% of variance in proportional composition across species. Alkaloids include all 1197 
nitrogen-containing compounds except the amino acids, including spermidine derivatives. 1198 
Fig. 6. Number of quantifiable compounds detected in nectar, pollen and both nectar and pollen. 1199 
(a) Pie chart indicates totals aggregated across all species. (b) Individual species. Pollen 1200 
contained on average 63% more compounds than did nectar (9.3 ± 0.67 compounds SE vs 5.7 ± 1201 
0.51 compounds per species, χ
2
 = 19.5, Df = 1, P < 0.001).  1202 
Fig. 7. Nectar and pollen exhibited similar levels of variability in proportional composition, with 1203 
no significant asymmetry in trait space overlap of one tissue type by the other. Graphs show 1204 
dynamic range boxes-based trait space volume of nectar (red bars) and pollen (blue bars), and 1205 
overlap between the two types. (a) Median hypervolume size and (b) proportional hypervolume 1206 
overlap, aggregated across species. (c) Hypervolume size and (d) proportional overlap for each 1207 
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individual species. The hypervolume size indicates the variability of proportional concentrations. 1208 
Trait space overlap indicates how much the nectar trait space covers the pollen trait space 1209 
("Nectar over Pollen") and vice versa. Calculations are based on proportional composition. 1210 
Vaccinium corymbosum samples are separated into samples from cultivated ("cult") and wild 1211 
taxa. P-values in (a) and (b) are for generalized linear mixed model pairwise comparisons 1212 
between nectar and pollen volume size (a) and asymmetry in overlap between nectar and pollen 1213 
in (b). See Appendix S1, Fig. S2 for trait space volumes and proportional overlap based on 1214 
absolute concentrations. 1215 
Fig. 8. Intraspecific variation in nectar and pollen composition across cultivars (cultivated 1216 
species: a, c) and sites (wild species: b, d). Horizontal axis shows median proportional overlap of 1217 
trait space (n-dimensional hypervolume) for all pairs of sites and cultivars, as quantified by 1218 
dynamic range boxes. Median proportional hypervolume overlap in (a) and (b) are pooled across 1219 
species. The trait space overlap indicates how much trait space is shared between a typical pair 1220 
of cultivars or sites. Analyses are based on proportional composition. P-values in (a) and (b) are 1221 
for generalized linear mixed model pairwise comparisons between nectar and pollen site- or 1222 
cultivar-wise overlap. Nectar chemistry overlapped more across both sites and cultivars than did 1223 
pollen chemistry (cultivars: t = -2.1, P = 0.039; sites: t = -3.74, P = 0.0002). 1224 
Fig. 9. Nectar chemical concentrations were relatively more variable than either flower or pollen 1225 
concentrations, whether variation was calculated at the level of species (left panel) or the level of 1226 
cultivars (for cultivated species) and sites (for wild species, right panel). Coefficients of variation 1227 
were calculated as the ratio of the standard deviation to the mean for each compound within each 1228 
species and tissue type (“Species level”), or for each compound within species, tissue type, and 1229 
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site or cultivar (“Within species”). Different lower-case letters indicate significant differences (P 1230 
< 0.05) between tissue types within each level of resolution in linear mixed model post hoc 1231 
comparisons.  1232 
Fig. 10. Example of distinct chemical compositions of flower, nectar, and pollen (a) and 1233 
intraspecific variation in nectar and pollen composition across cultivars (b, c) in Malus domestica. 1234 
Graphs show ordinations based on Bray-Curtis distances after Wisconsin double standardization 1235 
of µM concentrations. Permutational MANOVA showed that tissue type (F2, 84 = 207, P = 0.001) 1236 
explained R
2
 = 81% of variation across samples in (a). Differences between cultivars were 1237 
significant for both nectar (F 2, 27 = 8.58, P = 0.001, panel b) and pollen (F 2, 27 = 13.93, P = 0.001, 1238 
panel c). Cultivar abbreviations: Fuji: Fuji-Autumn Red. Mac: Macintosh. See Table 2 for full 1239 
results of cultivar-wise permutational MANOVA.  1240 
Fig. 11. Median species-wise phenotypic integration of flower, nectar, and pollen samples. (a) 1241 
Integration of the full chemical mixture was generally higher in nectar and pollen, but did not 1242 
differ significantly across tissue types (linear mixed model F 2, 2.42 = 39.6, P = 0.11). (b) 1243 
Integration within modules of compounds within each mixture (defined by hierarchical 1244 
clustering) indicated significant differences across tissue types (F2,36.4 = 4.31, P = 0.021). Nectar 1245 
had higher within-module integration than did flowers (t = 2.76, P = 0.024). (c) No significant 1246 
correlation was found between species-level nectar integration and pollen integration.  1247 
 1248 
 1249 
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